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SUMMARY
This thesis explores the thermal expansion and high pressure behavior of some
materials with the ReO3 structure type. This structure is simple and has, in principle, all
of the features necessary for negative thermal expansion (NTE) arising from the transverse
thermal motion of the bridging anions and the coupled rotation of rigid units; however, ReO3
itself only exhibits mild NTE across a narrow temperature range at low temperatures. ReO3
is metallic because of a delocalized d-electron, and this may contribute to the lack of NTE
in this material. The materials examined in this thesis are all based on d0 metal ions so
that the observed thermal expansion behavior should arise from vibrational, rather than
electronic, effects.
In Chapter 2, the thermal expansion of scandium fluoride, ScF3, is examined using a
combination of in situ synchrotron X-ray and neutron variable temperature diffraction.
ScF3 retains the cubic ReO3 structure across the entire temperature range examined (10
– 1600 K) and exhibits pronounced negative thermal expansion at low temperatures. The
magnitude of NTE in this material is comparable to that of cubic ZrW2O8, which is perhaps
the most widely studied NTE material, at room temperature and below. This is the first
report of NTE in an ReO3 type structure across a wide temperature range.
Chapter 3 presents a comparison between titanium oxyfluoride, TiOF2, and a vacancy-
containing titanium hydroxyoxyfluoride, Tix(O/OH/F)3. TiOF2 was originally reported
to adopt the cubic ReO3 structure type under ambient conditions, therefore the initial
goal for this study was to examine the thermal expansion of this material and determine
if it displayed interesting behavior such as NTE. During the course of the study, it was
discovered that the original synthetic method resulted in Tix(O/OH/F)3, which does adopt
the cubic ReO3 structure type. The chemical composition of the hydroxyoxyfluoride is
highly dependent upon synthesis conditions and subsequent heat treatments. This material
readily pyrohydrolyizes at low temperatures (≈350 K). It was also observed that TiOF2
xv
does not adopt the cubic ReO3 structure; at room temperature it adopts a rhombohedrally
distorted variant of the ReO3 structure. Positive thermal expansion was observed for TiOF2
from 120 K through decomposition into TiO2. At ≈400 K, TiOF2 undergoes a structural
phase transition from rhombohedral to cubic symmetry. High pressure diffraction studies
revealed a cubic to rhombohedral phase transition for Tix(O/OH/F)3 between 0.5–1 GPa.
No phase transitions were observed for TiOF2 on compression.
In Chapter 4, an in situ variable pressure–temperature diffraction experiment examining
the effects of pressure on the coefficients of thermal expansion (CTE) for ScF3 and TaO2F is
presented. In the manufacture and use of composites, which is a possible application for low
and NTE materials, stresses may be experienced. Pressure was observed to have a negligible
effect on cubic ScF3’s CTE; however, for TaO2F the application of modest pressures, such
as those that might be experienced in the manufacture or use of composites, has a major
effect on its CTE. This effect is associated with a pressure-induced phase transition from
cubic to rhombohedral symmetry upon compression. TaO2F was prepared from the direct
reaction of Ta2O5 with TaF5 and from the digestion of Ta2O5 in hot hydrofluoric acid. The
effects of pressure on the two samples of TaO2F were qualitatively similar. The slightly
different properties for the samples are likely due to differences in their thermal history
leading to differing arrangements of oxide and fluoride in these disordered materials.
In Chapter 5, the local structures of TiOF2 and TaO2F are examined using pair distribu-
tion functions (PDFs) obtained from X-ray total scattering experiments. In these materials,
the anions (O/F) are disordered over the available anion positions. While traditional X-ray
diffraction provides detailed information about the average structures of these materials,
it is not sufficient to fully understand their thermal expansion. Fits of simple structural
models to the low r portions of PDFs for these materials indicate the presence of geomet-
rically distinct M–X–M (M = Ti, Ta; X = O, F) linkages, and a simple analysis of the






Thermal expansion is an inherent property of all materials, and a thorough understand-
ing of how a material responds to temperature is crucial when considering its potential
application.[1] Combining materials with differing rates of thermal expansion may be detri-
mental to some applications; cracks may form or separation may occur at interfaces between
the materials.[2] Likewise, materials which exhibit large thermal expansion often exhibit
poor thermal shock resistance and may crack or fail during periods of rapid heating and
cooling.[3, 4]
Most materials exhibit positive thermal expansion, that is, they expand upon heating.[1,
4] This process is generally well understood, and for the simplest case, that of a diatomic
molecule, thermal expansion can be explained through examination of the interatomic
potential.[1, 5] The interatomic potential explains how a chemical bond length changes
with temperature; as energy (or temperature) increases, vibrations increase and the chem-
ical bond lengthens.[1, 5] If the potential were purely harmonic, then the average inter-
atomic distance would be the same for all temperatures and thermal expansion would not
be observed.[1, 5] However, the interatomic potential is typically anharmonic, and, as seen
in Figure 1, the average chemical bond length increases with increasing temperature.[1, 5]
Thermal expansion in solids is a more complicated situation than that of a simple
diatomic molecule as the thermal expansion of all chemical bonds and the changes in bond
angles with temperature must be taken into consideration.[6] The magnitude of thermal
expansion in a material is quantified by its coefficient of thermal expansion (CTE); the











Figure 1: Potential energy (E) curves for harmonic (solid) and anharmonic (dashed) oscil-
lators plotted as a function of interatomic separation, r.











where L is the value of each unique lattice constant and T is the temperature. The volu-
metric CTE describes the overall expansion in a material; in the case of cubic materials in
which all lattice constants are equivalent, αv = 3αl. In the case of anisotropic materials,
different values of αl are typically observed for different lattice constants.[6]
The CTE of a material is not a constant value; there is a temperature dependence to






where αv is the volumetric CTE, γ is the Grueneisen constant, K0 is the compressibility,
Cv is the specific heat at constant volume, and v is the molar volume.[6, 3, 4] At absolute
zero, the CTE will be zero but increases rapidly to the region of the Debye temperature at
which point it will asymptotically approach a constant value at high temperature.[7]
Ceramic materials may be divided into three different categories depending upon the
magnitude of the volumetric CTE:[7]
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High Expansion Materials: αl>8× 10−6K−1
Intermediate Expansion Materials: 2<αl<8× 10−6K−1
Low Expansion Group: 0 ≤ αl<2× 10−6K−1
1.2 Low Thermal Expansion Materials
Materials that fall into the low expansion group are interesting from an applications perspec-
tive as low expansion materials are more likely to exhibit high thermal shock resistance and
enhanced dimensional stability.[1, 7, 3] Table 1 lists some common low expansion materials
and their coefficients of thermal expansion.[7]
Table 1: Some common materials and their coefficients of thermal expansion.[7]
Material Average CTE, αl (ppm·K−1) Range (K)
SiO2 glass 0.5 298–1273
SiO2-TiO2 glasses 0.05 to -0.03 298–1073
Invar 0.01 278–303
NZP, NaZr2P3O12 -0.4 298–1273
Cordierite, Mg2Al4Si5O18 1.4 298–1073
Zerodur 0.12 293–873
β-Eucryptite, Li2O·Al2O3·2SiO2 -6.2 293–1273
There are many applications where low thermal expansion materials may find use; the
enhanced thermal shock resistance afforded by low expansion materials is potentially useful
in automotive applications such as spark plugs (automotive spark plugs have a ceramic
component that could potentially crack from thermal shock) and in cookware designed to
be used in the oven and freezer.[7, 3] Likewise, the dimensional stability arising from using
low thermal expansion materials may be useful in applications such as precision optics where
it is necessary to preserve the original dimensions to retain the desired optical properties.[7]
In all applications where low expansion materials may find use, they must not develop cracks
during operation. Therefore, an ideal low expansion material would have cubic symmetry
so that the thermal expansion would be equal in all directions; low expansion materials
which are made from non-cubic materials may develop microcracks from internal stresses
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associated with anisotropic thermal expansion.[8, 7]
Research of low expansion materials prior to World War II was centered around fam-
ilies of materials based upon cordierite (2MgO·2Al2O3·5SiO2), zircon (ZrSiO4), and Invar
(Fe65Ni35).[7] Shortly following World War II, a new family of low and even negative ther-
mal expansion materials were discovered in the lithium aluminum silicates (β-eucryptite
and β-spodumene).[7, 9, 10] These materials dominated the field of low expansion materials
for the next 40 years, until the discovery of the NZP (NaZr2P3O12) family of materials in
the early 1980s.[11]
1.3 Negative Thermal Expansion
Some materials may contradict the expected response to temperature and contract on
heating.[12] Materials that exhibit contraction on heating, a phenomenon known as nega-
tive thermal expansion (NTE), have been known to exist for quite some time. The earliest
observation of NTE was related to the ’density anomaly of water’; the highest density for
water occurs at 277 K, therefore it displays NTE between 273–277 K.[13] The first ob-
servation of NTE in a solid was in 1907; Scheel observed negative coefficients of thermal
expansion in both crystalline and glassy quartz.[13]
Following the discovery of pronounced NTE over an extended temperature range (0.3
to 1050 K) in cubic ZrW2O8[14], there have been considerable research efforts surrounding
NTE materials. In addition to fundamental interest in structure–property relationships,
NTE materials may be useful in different engineering applications. For example, combin-
ing NTE materials with positive thermal expansion materials in composites may allow for
precise control of thermal expansion, thereby making it possible to tailor the CTE for the
application.[15] The ability to match CTEs is beneficial when forming an interface between
materials in order to avoid cracking or separation at the interface, for instance, between a
heatsink and a computer chip.[15, 3]
1.3.1 Mechanisms for Negative Thermal Expansion
There are an increasing variety of materials that possess structural features whose temper-
ature dependence may overwhelm the lengthening of bonds and give rise to NTE. Several
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different mechanisms have been proposed to explain this phenomena.[12, 6, 4]
Temperature induced structural phase transitions may give rise to NTE in some materials.[12,
4] For example, the ferroelectric material PbTiO3 exhibits negative thermal expansion as
it approaches the ferroelectric→paraelectric phase transition at 490◦C.[12] At room tem-
perature, PbTiO3 adopts a tetragonal structure comprised of distorted TiO6 octahedra.
Within these octahedra, the Ti atom is displaced away from the center of the coordination
sphere along a four-fold axis, giving rise to three distinct Ti–O bond lengths (1.766, 2.390,
and 4 x 1.979 Å, respectively), resulting in an average Ti–O bond length of 2.012 Å.[12]
Upon heating, the distorted octahedra start to become regular octahedra. As the Ti atom
moves to the center of the octahedra, the four equivalent Ti–O bonds slightly elongate while
the longest Ti–O bond decreases and the shortest Ti–O bond increases. This results in a
decrease of the average Ti–O bond length, giving rise to a volumetric contraction upon
heating as seen in Figure 2.
Figure 2: Unit cell edges and volume vs. temperature for PbTiO3.[12]
For some framework oxide materials, NTE may arise through the transverse thermal
5
motion of bridging oxygen atoms and can be explained using a rigid unit mode (RUM)
model.[4, 16, 17] In this model, the framework material is comprised of corner sharing
polyhedra which are treated as rigid units: mechanical structures having mass, moments of
inertia, and translational and vibrational degrees of freedom. The only interaction between
these units is at their corners (Figure 3).[18, 16]
Figure 3: Negative thermal expansion can arise in framework materials through the transverse
thermal motion of bridging atoms or moieties (located at the corners of the octahedra) and the
associated rocking of the rigid units.
In these framework materials, the rigid units are connected together through bridging
moieties (most often through a Metal–O–Metal linkage). With increasing temperature, low
energy vibrational modes are populated giving rise to significant transverse thermal motion
of the linking atom. This thermal motion is associated with a coupled rotation of the rigid
units and may give rise to negative thermal expansion.[18, 4, 12]
1.3.2 ReO3 Family
In elementary discussions of NTE in framework materials, the cubic ReO3 structure is often
used to explain how NTE can arise from the transverse thermal motion of bridging moieties
and associated rigid unit modes.[18, 16, 4] This structure, comprised of corner sharing ReO6
octahedra, is analogous to the ABO3 perovskite with the A-site vacant (Figure 4).
Until recently, there has been disagreement in literature concerning the thermal ex-
pansion behavior of ReO3. Matsuno reported one of the earliest studies on the thermal
expansion behavior of ReO3: below 340 K there was a small but negative thermal expan-
sion in the material.[19] However, in a later review on negative thermal expansion materials,
Taylor argued those findings were misleading because the reported CTEs were mean values
relative to a reference temperature (300 K), whereas the instantaneous CTE was positive
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Figure 4: The cubic ReO3 structure comprised of ReO6 octahedra. The Re atom resides at the
center of the octahedra and the oxygen atoms are located at the corners (red spheres).
for the temperature range studied.[20] These findings indicated that ReO3 is a positive
thermal expansion material; as a result, little further research was conducted with regard
to its thermal expansion behavior until recently.
In 2008, Dapiaggi and Fitch reported both a negative and very small positive ther-
mal expansion in ReO3 from 5 to 300 K using high resolution synchrotron powder x-ray
diffraction experiments.[21] Chatterji et al. also reported NTE in ReO3 from 2 to 200 K as
determined from powder neutron diffraction experiments.[22] Lattice dynamic calculations
indicated that ReO3 should exhibit NTE up to 350 K.[23]
These reports of NTE in ReO3 renewed interest in the thermal expansion behavior of
this material. The discrepancies between experimentally measured CTEs were later found
to be a result of static disorder of the oxygen atoms, the magnitude of which depends on
sample preparation.[24] It was found that the CTE for ReO3 prepared as a single crystal
was close to that originally determined by Matsuno.[24, 19]
A variety of other materials, including several metal trifluorides (M F3 where M = Al,
Ga, In, Sc, Ti, V, Cr, Mn, Fe, Co, Ir, Rh, Ru) and some oxyfluroides (TaO2F, NbO2F,
and TiOF2) have ReO3 type structures.[25, 26, 27] With the exception of ScF3 and MnF3,
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all of the metal trifluorides adopt a rhombohedral structure at room temperature that ’un-
folds’ upon heating; this leads to a strong positive thermal expansion, and in some cases,
a phase transition to the cubic structure at high temperatures.[26, 28, 29, 30, 31, 32] Scan-
dium trifluoride (ScF3), which adopts the cubic ReO3 structure type at room temperature,
was recently reported to exhibit pronounced negative thermal expansion across a broad
temperature range and is discussed in detail in Chapter 2 of this thesis.[33]
There are several oxyfluorides (NbO2F, TaO2F, and TiOF2) which have been reported
to adopt the cubic ReO3 structure.[34, 27] The thermal expansion properties of TaO2F were
examined by Tao and Sleight; the coefficients of thermal expansion reported were so small
that the material could be classified as a zero-expansion material.[35] In this oxyfluoride,
there is no long range order in the arrangement of the O and F across the available anionic
sites; analysis of the thermal parameters and local structural data for these disordered
materials suggests that there is static disorder of those anions, just as was observed in
ReO3.[35, 24] The lack of pronounced NTE in ReO3 and TaO2F has been attributed to
the presence of this static disorder, such that when the M-X-M (M = Re, Ta; X = O, F)
bond angle deviates from 180◦, the transverse thermal motion is enough to offset positive
thermal expansion associated with bond length elongation but not sufficient to give rise to
NTE.[24]
1.3.3 NTE Materials Under Pressure
The same structural features that can give rise to NTE, flexible open frameworks, can also
give rise to interesting behavior under pressure.[4, 12, 36, 37] One potential application
for NTE materials is their use in controlled thermal expansion composites.[15] However,
the manufacture and use of such composites may subject the materials to stresses that
can induce phase transitions or alter the thermal expansion behavior of the material.[38]
An understanding of the behaviors of NTE materials under pressure is important when
considering their use.
The effect of pressure on materials can be studied using diffraction techniques. There
are a variety of high pressure sample environments that allow the application of hydrostatic
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pressure on the sample for both in situ and ex situ studies. Diamond anvil cells (DACs),
which apply pressure by squeezing the sample between two diamond faces (Figure 5), allow
for in situ X-ray diffraction studies to very high pressures (>100 GPa).[39] High pressure
gas (typically helium) cells exist which can apply precisely measured hydrostatic pressures
and can be easily cooled for variable temperature–pressure neutron diffraction studies.[40]
Figure 5: Schematic of a Diacell-Bragg type diamond anvil cell. The sample is held in a
small hole in the gasket, and pressure is applied by squeezing the two diamonds.[39]
When studying the effects of pressure on materials using diffraction, the unit cell volume
is typically extracted from the diffraction data and plotted with respect to pressure. The
bulk modulus, K, can be calculated from the pressure dependence of the unit cell volume
and provides a quantitative measure of how elastically soft a material is. The isothermal
bulk modulus is defined as:[1]




The bulk modulus is the reciprocal of the isothermal compressibility. A pressure dependence
of the volumetric coefficient of thermal expansion (αV ) exists, and it is related to the











Experimental and theoretical studies of the temperature dependence of the isothermal bulk
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modulus, (∂KT∂T )p, show that it is typically negative, which implies that the CTE usually
decreases upon compression.[42]
In the case of NTE materials, high pressure effects such as phase transitions and pres-
sure induced amorphization have been observed. One of the most widely studied NTE
materials, cubic ZrW2O8, undergoes a pressure-induced structural phase transition from
cubic→orthorhombic symmetry at ≈0.2 GPa.[43, 44] The thermal expansion properties of
these two phases differ considerably (αl = -9 ppm·K−1 for the cubic phase, αl = -1 ppm·K−1
for the orthorhombic phase).[43, 44] Holzer et al. explored the feasibility of making a metal
matrix composite using copper metal and cubic ZrW2O8; such a composite should have low
thermal expansion and high thermal conductivity, which would be ideal for applications
such as heat sinks for electronic components.[38] However, the cubic→orthorhombic phase
transition in ZrW2O8 was observed, arising from stresses encountered during the processing
or from the mismatches between the CTEs of the filler and matrix.[38]
The effects of pressure on TaO2F, a zero expansion material with the cubic ReO3 struc-
ture, were examined by Cetnikol et al. Two phase transitions were observed, one occurring
at ≈0.7 GPa, and a second at 4.0 GPa; the first is broadly consistent with a rhombohe-
dral VF3 structure type, while the second is fully consistent with the rhombohedral VF3
structure.[45] In ReO3 type materials, such symmetry lowering transitions can readily occur
from rotation of the rigid octahedra into the void space.
Pressure induced amorphization has also been observed in a number of framework mate-
rials that exhibit NTE (Table 2).[46] During this process, long range order of the crystalline
phase is lost, resulting in an amorphous material. Unlike most crystalline to crystalline
structural phase transitions, which may be reversible upon release of pressure, the starting
crystalline structure is typically not recovered on pressure release.[46]
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Table 2: List of negative thermal expansion framework materials and their amorphization
pressures.[46]













PRONOUNCED NEGATIVE THERMAL EXPANSION IN ScF3
2.1 Introduction
The simple cubic ReO3 structure type is often used to illustrate how NTE can arise through
the transverse thermal motion of bridging atoms or moieties and the associated rigid unit
vibrational modes (Figure 6).[18, 16] However, ReO3 itself does not display NTE at room




dT ≈ -1 ppm·K
−1) at low temperatures
(15–294 K).[23, 21, 24] The absence of NTE in ReO3 at room temperature may be related to
the delocalization of rhenium’s single d -electron in the conduction band.[23] ReO3 contains
highly covalent Re–O bonds formed from Re 5d and O 2p orbitals; the covalent nature of
these Re–O bonds may contribute to the lack of NTE in this material.[23] The absence of
pronounced NTE in ReO3 has sparked recent searches for other ReO3-type materials that
do display NTE.
There are several metal trifluorides (M F3, M = Al, Ga, In, Sc, Ti, V, Cr, Mn, Fe,
Co, Ir, Rh, Ru) that have ReO3-type structures.[25, 26, 27] With the exception of ScF3
(and Jahn-Teller distorted MnF3), all of these metal trifluorides adopt a rhombohedrally-
distorted structure at room temperature. This structure ’unfolds’ upon heating, as seen
in Figure 7, which leads to strong positive thermal expansion.[28, 29] In some cases, a
phase transition occurs from the rhombohedral to the cubic ReO3 structure at elevated
temperatures (greater than room temperature).[26, 28, 29, 30, 31, 32]
Scandium trifluoride has been previously reported as being either rhombohedral or
cubic.[47, 48] Melnikov et al. indicated that ScF3 exhibits NTE, but thermal expansion
data has not been reported until now.[49]
2.2 Experimental
Scandium trifluoride was used as supplied by American Elements (99.99% metals basis).
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Figure 6: Negative thermal expansion can arise in the cubic ReO3 structure type through the
transverse thermal motion of bridging atoms (located at the corners of the octahedra) and the
associated rocking of rigid units.
Figure 7: Two layers of octahedra in the rhombohedral (left) and cubic (right) ReO3 structure
types (viewed down [1 1 1]), illustrating the phase transition mechanism. In the case of heating, the
rhombohedral structure ’unfolds’ into the cubic structure type, and under pressure the octahedra
can tilt, transforming a cubic structure into a rhombohedral one.
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2.2.1 Variable Temperature Diffraction Studies
The temperature-dependent unit cell volume of ScF3 was initially examined by powder
X-ray diffraction at beamline 1-BM-C of the Advanced Photon Source, Argonne National
Laboratory. A wavelength of 0.6183 Å (as calibrated using a NIST Si powder standard)
was selected using a Si(111) double-crystal monochromator, and the diffraction images were
recorded on a Mar345 imaging plate detector. The sample to detector distance (≈200 mm),
beam center, tilt plane rotation angle, and tilt angle were calibrated from a LaB6 (NIST
SRM 660a) diffraction pattern using the program Fit2D.[50]
Low temperature X-ray diffraction data were collected with the samples held in Kapton
capillary tubes. The temperature was cycled between 120 and 500 K multiple times at a rate
of 180 K/hr using an Oxford Cryosystems liquid nitrogen cryostream. Subsequent higher
temperature diffraction data (333 – 1073 K) were collected using a wire-wound furnace for
temperature control.[51]
The temperature range was extended (>1600 K) by using high energy X-rays (≈90
keV) at beamline 11-ID-B of the Advanced Photon Source to study the sample sealed in a
platinum capillary within a Linkam TS1500 furnace. Diffraction data were recorded on a
Perkin-Elmer amorphous silicon detector. The temperature calibration of the furnace was
checked by monitoring the thermal expansion of an α-alumina sample.
Low temperature (10 – 280 K) neutron powder diffraction data were collected on beam-
line HB2A at the High Flux Isotope Reactor, Oak Ridge National Laboratory. The sample
was held in an aluminum-bodied helium gas pressure cell, and temperature was controlled
using a closed-cycle helium refrigerator. A wavelength of 1.117544 Å was selected using
a Ge(117) crystal monochromator and was calibrated using a NIST Si powder diffraction
standard.
2.2.2 High Pressure Diffraction Studies
High pressure diffraction data were collected in situ at ambient temperature and from
ambient pressure to ≈6 GPa at beamline 1-BM-C of the Advanced Photon Source. A
Diacell Bragg diamond anvil cell (DAC), equipped with diamonds having 500µm culets,
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was used; the samples were loaded into 300µm holes which had been EDM drilled into
preindented stainless steel gaskets (250µm thickness). A 4:1 methanol:ethanol mixture was
used as the pressure transmitting medium to ensure hydrostatic compression and the ruby
fluorescence technique was used for pressure calibration.[52]
High pressure-high temperature diffraction data were collected in situ at beamline 1-
BM-C of the Advanced Photon Source using a hydrothermal diamond anvil cell (HDAC)
equipped with diamonds having 600µm culets. The samples were loaded into 300µm holes
which had been predrilled in rhenium gaskets. The HDAC was sealed under liquid argon
which was used as a pressure transmitting medium to ensure hydrostatic compression. Data
were collected from ambient to ≈2 GPa across a series of temperatures from ambient to
≈690 K. Pressure was calibrated by using NaCl as an internal standard.
Low temperature-high pressure diffraction data were collected using a helium gas pres-
sure cell inside of a helium refrigerator at beamline HB2A of the High Flux Isotope Reactor,
ORNL. Diffraction data were collected at ambient pressure from 10 to 280 K, and at 0.1,
0.2, and 0.3 GPa from 50 to 280 K.
2.3 Results
Diffraction data from the cryostream and wire-wound furnace variable temperature experi-
ments were analyzed using the Rietveld method as implemented in GSAS with the EXPGUI
interface.[53, 54] The batch mode of GSAS, SEQGSAS, was utilized to analyze the diffrac-
tion data. During analysis, the unit cell parameters, thermal parameters, background, and
a pseudo-Voigt peak shape model (GW, GU, GV, LX, and LY) were refined. Representative
Rietveld fits are shown in Figures 8 and 9.
The high temperature data from the Linkam furnace was analyzed using the Rietveld
method in GSAS. There was a considerable amount of scattering from the platinum capil-
lary, making it necessary to exclude portions of the diffraction data overwhelmed with Pt
Bragg reflections. During analysis, the unit cell parameters, background, and a single Gaus-
sian peak shape parameter were refined from a fit to seven ScF3 Bragg reflections (Figure
10).
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Figure 8: Rietveld fit (green line) to the first (room temperature) diffraction pattern (red +)
collected during the variable temperature cryostream experiment. This fit was used to initialize the
batch mode processing of the remaining cryostream data. The regions between 11.5 – 27.5 2θ were
multiplied by 3 and 27.5–34.5 2θ by 30 to better show fit quality at high angles.
Figure 9: Rietveld fit (green line) to the first (room temperature) diffraction pattern (red +)
collected during the variable temperature wire-wound furnace experiment. This fit was used to
initialize the batch mode processing of the remaining wire-wound furnace data. The regions between
11–27 2θ were multiplied by 3 and 27–34 2θ by 30 to better show fit quality at high angles.
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The neutron diffraction data was analyzed using a combination of Le Bail and Rietveld
analysis as implemented in Fullprof.[55] As seen in Figure 11, the diffraction patterns were
dominated by scattering from the aluminum pressure cell. A Le Bail fit was utilized to fit
the aluminum diffraction peaks, while a Rietveld fit was simultaneously utilized on the ScF3
diffraction peaks. The lattice parameters for ScF3 and a four term Thompson-Cox-Hastings
pseudo Voigt were refined. The intense scattering from the aluminum prevented refinement
of other parameters.
2.3.1 Temperature Dependence of Unit Cell Dimensions
The lattice constants, extracted from Rietveld analyses of the diffraction data, were plotted
with respect to temperature (Figure 12). The lattice constants from the different experi-
ments were scaled linearly to account for experimental calibration discrepancies arising from
sample to detector distances, etc. The coefficient of thermal expansion (CTE) was derived
using a smoothing spline fit to the lattice constants against temperature data.
2.3.2 High Pressure Behavior
The high pressure diffraction data were analyzed using the Rietveld method. A pressure-
temperature phase diagram was constructed based upon the analyses of the variable tem-
perature neutron diffraction data and the hydrothermal diamond anvil cell X-ray diffraction
data (Figure 13). The two phases present are the cubic ReO3 type structure (space group
Pm3̄m, no. 221) and a rhombohedral distortion of the cubic phase (space group R3̄c, no.
167).
From the high pressure diffraction data collected using a Diacell-Bragg DAC, the bulk
modulus was estimated to be 55(2) GPa for the cubic phase using a straight line fit through
the available data; for the rhombohedral phase the bulk modulus was estimated from a
4th-order Birch-Murnghan equation of state fit to the available data. During the equation
of state fit, V0 and K0, Kp, and Kpp were all refined. The resulting equation of state fit is
illustrated in Figure 14, and the fit results are summarized in Table 3.
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Figure 10: Rietveld fit (green line) to the first (room temperature) diffraction pattern (red +)
collected during the high temperature Linkam furnace experiment. Regions with large amounts of
scattering from the platinum capillary were excluded.
Figure 11: Rietveld (ScF3) and Le Bail (Al) fits (black line) to the first diffraction pattern (red ◦)
collected during the variable pressure-temperature neutron powder diffraction experiment on ScF3
contained in an Al-pressure cell. The bottom reflection markers (green |) correspond to the Bragg
reflections from the aluminum sample cell, whereas the top reflection markers are the ScF3 Bragg
reflections.
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Figure 12: Selected experimentally-determined lattice constants for cubic ScF3 (solid symbols),
along with a smoothing spline fit (blue line) to nearly all the available values for ≥60 K (some at
≈1350 K were excluded as outliers). The ESDs for the lattice constants are comparable to the
symbol sizes. The difference between the experimentally determined lattice constants and the spline
fit is shown as a green line. The lattice constants from different measurements are scaled linearly
to account for calibration discrepancies. The linear CTE, derived from the spline fit, is shown as a
dashed red line.
Figure 13: Pressure-temperature phase diagram for ScF3. Under pressure, the octahederal tilts
fold the structure so that it is more compact and reduces the symmetry from cubic to rhombohedral.
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Table 3: Equation of state fit results to ScF3 Rhombohedral Phase.







The lattice constants derived from the variable temperature diffraction data for ScF3 show
that the CTE is strongly and smoothly dependent on temperature. At room temperature,
the CTE (αl ≈ −8ppm·K−1) is similar to that of cubic ZrW2O8 (αl ≈ −9ppm·K−1), and
ScF3 shows an even more pronounced NTE at lower temperatures. The CTE approaches
zero at ≈1100 K and becomes positive at higher temperatures. Upon cooling to 10 K, ScF3
remained cubic and displayed a CTE (αl ≈ −14ppm·K−1, 60 - 110 K) that is more negative
than that of nearly all materials whose NTE arises from vibrational motion (with the
exception of those with many more vibrational degrees of freedom, e.g. Zn/Cd(CN)2).[56,
57] The temperature range over which ScF3 exhibits NTE is much larger than that found for
materials whose NTE arises from magnetostrictive effects [58, 59] or valence state changes
[60].
The pronounced negative thermal expansion found in ScF3 is consistent with a rigid unit
mode (RUM) model. This may involve the same R5 mode that has been implicated in the
cubic to rhombohedral phase transition seen in many metal trifluorides.[26] This mechanism
is supported by the large, strongly temperature dependent transverse component of the
anisotropic displacement parameters for the bridging fluorine atoms (Figure 15). However,
the factors underlying the pronounced, continuous variation in the CTE are less obvious. It
is unlikely that expansion of the individual Sc – F bond lengths alone would be sufficient to
produce the observed change in CTE. However, a change in the rocking motion of the ScF6
rigid octahedra upon heating could contribute to the variations in the CTE. This may also
incorporate a contribution to the CTE from static disorder as has been previously suggested
for AlF3 above its rhombohedral-to-cubic phase transition (the Al-F-Al links in AlF3 are
locally bent in the cubic phase).[28, 32]
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Figure 14: Fourth order Birch Murnghan Equation of State (red dashed line) fit to the available
unit cell volume–pressure data (green squares) for the high pressure rhombohedral phase of ScF3.
Figure 15: Atomic displacement parameters for ScF3 extracted from Rietveld analysis of the
Cryostream (triangles) and wire-wound furnace (squares) variable temperature data.
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Most metal trifluorides with ReO3 type connectivity are unstable with respect to a static-
correlated rotation (a−a−a− type rotation in Glazer notation) of the corner-sharing M F6
octahedra that comprise the framework structure.[61] This rotation leads to rhombohedral
symmetry (R3̄c, no. 167) and a smaller volume per formula unit. At ambient temperature,
ScF3 transforms from cubic to rhombohedral symmetry between ∼0.5 and ∼0.8 GPa (Figure
13). This observed phase transition is consistent with previous high-pressure micro Raman
studies, which reported the phase transition as occuring at ∼0.7 GPa.[48] The high pressure
X-ray measurements suggest a bulk modulus for cubic ScF3 of 55(2) GPa, which is close to
the 70 GPa estimated in previous Raman work.[48]
2.5 Conclusions
The first full characterization of ScF3’s thermal expansion behavior revealed several striking
features. First, there is prominent NTE at temperatures below 300 K that is more pro-
nounced that that of most known NTE materials. Second, there is a slow, smooth evolution
toward positive thermal expansion above 1100 K. Finally, a very simple crystal structure
is maintained. These behaviors arise, in part, because ScF3 does not undergo a symmetry-
lowering phase transition upon cooling unlike most ReO3 type materials; this may arise
because the bonding in ScF3 is less covalent than that in many related M F3 phases, and
the cubic structure is electrostatically favored over the rhombohedral structure since the
separation between ions of the same charge is maximized for a given M –F bond length.
2.6 Supplemental Information
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Table 4: ScF3 unit cell parameters as a function of pressure. α is the primitive rhombohedral
unit cell angle, and is listed as N/A for the cubic phase of ScF3.
Pressure (GPa) a Å α Vol. Å3
0 4.01260(7) N/A 64.607(3)
0.11 4.00924(6) N/A 64.445(3)
0.25 4.00643(7) N/A 64.309(3)
0.51 3.99992(7) N/A 63.996(3)
0.78 5.6281(4) 59.216(4) 123.81(1)
0.91 5.6212(4) 58.844(4) 122.29(1)
1.16 5.6091(3) 58.102(5) 119.36(1)
1.63 5.5938(4) 56.682(5) 114.29(1)
1.97 5.5867(2) 55.784(3) 111.24(1)
2.70 5.5784(2) 54.349(3) 106.57(1)
3.06 5.5780(6) 54.056(8) 105.69(1)
3.14 5.5755(4) 53.840(5) 104.91(1)
3.90 5.5678(5) 53.302(6) 102.91(1)
4.11 5.5643(6) 53.121(6) 102.19(1)
4.77 5.5536(7) 52.771(7) 100.59(1)
4.99 5.5465(8) 52.657(7) 99.87(1)
5.65 5.5367(6) 52.383(6) 98.55(1)
5.95 5.5328(5) 52.280(5) 98.04(1)
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CHAPTER III
SYNTHESIS AND CHARACTERIZATION OF TITANIUM
OXYFLUORIDE AND TITANIUM OXYHYDROXYFLUORIDES
3.1 Introduction
Titanium oxyfluoride (TiOF2) was first synthesized and reported to adopt the cubic ReO3
type structure, shown in Chapter 1 Figure 4, over 50 years ago.[62, 27] In this material,
fluoride and oxide are disordered over the available anion sites. Over the years, there have
been studies examining its refractive index and potential for use as a UV absorber [63],
potential as an anode material in Li-ion batteries [64], and use as a visible light photocatalyst
for water oxidation.[65]
There has, however, been some uncertainty in the literature surrounding the actual
stoichiometry of TiOF2. In the earliest reports on this material, TiOF2 was prepared by
either hydrolysis of TiF4 or digestion of TiO2 in aqueous hydrofluoric acid (HF) followed by
evaporation to dryness.[62] Initial characterization of the resulting material was performed
using only powder X-ray diffraction (PXRD), which suggested that the material was TiOF2
with the cubic ReO3 structure. However, a later report by Dehnicke suggested that the
material possessed a significant number of hydroxyl groups based on infrared (IR) spectral
analysis.[66] Using both IR and powder X-ray diffraction, Dehnicke proposed that the ma-
terial was actually TiO(OH)F; since X-rays are scattered by electrons, OH− and F− would
be almost indistinguishable using XRD because they have the same number of electrons.[66]
Following these reports, several researchers have subsequently attempted to synthesize
TiOF2 free of any hydroxyl impurities using different approaches. It was reported by Moss
and Wright that preparation of TiOF2 by digestion of TiO2 in aqueous HF followed by
heating to 450◦C would remove all OH bands from IR spectra, but would leave a material
with TiO2 impurities.[67] Moss and Wright also reported the synthesis of TiOF2 by heating
TiO2 with TiF4, but they noted that the reaction was difficult to take to completion and
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may result in the formation of Ti2OF6.[67] Mel’nichenko et al. explored the impact of ’heat
treatments’ on ’TiOF2’ prepared from the digestion of TiO2 in HF using a combination of
powder X-ray diffraction, IR spectral analysis, and fluoride content determination. They
reported a stoichiometry of TiO(OH)0.2F1.8 when samples were dried under vacuum at
temperatures less than 400◦C, and TiO1.1F1.8 when dried at 400
◦C.[68] In their analyses,
hydroxyl groups were used to maintain charge balance to compensate for the lower than
expected fluoride content.
In a recent study, Shian et al. prepared TiOF2 from the reaction of silica micro-
spheres with TiF4 gas generated inside sealed titanium ampoules.[69] The authors reported
a rhombohedrally-distorted ReO3 structure at room temperature that undergoes a phase
transition to the cubic ReO3 structure at around 340 K.[69] In a quest for an improved
UV absorber, Demourgues et al. synthesized and characterized a titanium hydroxyflu-
oride, Ti0.75(OH)1.5F1.5, prepared via microwave synthesis, which also adopts the cubic
ReO3 structure.[70] This was the first report of a titanium hydroxyfluoride that contains
Ti vacancies and adopts the cubic ReO3 type structure.
Even though ReO3 itself does not show appreciable NTE, ScF3 which adopts the cubic
ReO3 structure type has been recently reported to exhibit NTE behavior.[33] It has also been
reported that TaO2F, which adopts the cubic ReO3 structure type, exhibits ’zero’ thermal
expansion across a broad temperature range.[35] Titanium oxyfluoride (TiOF2) has also
been reported by some workers to adopt the ReO3 structure type.[62, 27] The somewhat
confusing literature combined with interest in the thermal expansion of ReO3 type materials
motivated us to further examine both synthetic avenues and properties of the materials at
non-ambient temperatures and pressures. The traditionally proposed synthetic method of
digesting TiO2 in aqueous HF has been reexamined and the materials’ true chemical identity





Titanium hydroxyoxyfluorides (Ti1−x(O/OH/F)3) were prepared using the synthetic proce-
dure for TiOF2 reported by Vorres and Dutton.[62] Finely ground TiO2 (anatase, STREM
Chemicals, 99% metals basis) was combined with aqueous HF (at least 48% HF by weight,
but not greater than 60%, Mallinckrodt) in a PTFE beaker. The reaction mixture was
stirred over low heat (≈353 K) until all of the HF had evaporated. The resulting white
powder was collected and vigorously washed with distilled water followed by rinsing with
acetone.
TiOF2 was prepared using a low temperature solid state reaction between TiO2 and
TiF4 (Alfa Aesar, 98% metals basis). The starting reagents (including 15% excess TiF4
over that required by stoichiometry) were combined in an argon-filled glove box using a
mortar and pestle. The reaction mixture was sealed inside of a copper tube fitted with
brass Swagelok compression fittings to create an air-tight vessel. The mixture was heated
at 493 K for 18 hours followed by quenching in water to room temperature.
3.2.2 Sample Characterization
Room temperature powder X-ray diffraction (PXRD) data were collected from 5–120 de-
grees 2θ at a rate of 0.1◦/min on a Scintag X1 diffractometer using Cu Kα radiation and a
Peltier cooled solid state detector. The diffraction patterns were compared with the ICDD
database using Jade, and structural refinement was performed by using the Rietveld method
as implemented in GSAS with the EXPGUI interface.[53, 54]
The densities of powdered samples were measured using a Micromeritics AccuPyc II
1340 gas pycnometer and ultra high purity helium. The sample cell was purged 200 times
to help ensure a sample free of adsorbed moisture, and the average volume was obtained
from 20 sequential measurements. The fluoride contents of both materials were determined
using pyrohydrolysis by Galbraith Laboratories (Knoxville, TN).
Thermogravimetric analysis (TGA) was performed using a Perkin Elmer TGA-7 equipped
with a high temperature furnace attachment. Argon was used as the purge gas during all
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measurements; however, no special precautions were taken to maintain an anhydrous en-
vironment. A small amount of sample (≈20mg) was placed into a platinum weighing pan
and data were collected from ambient temperature to 1273 K at a rate of 5 K/min.
IR spectra were obtained by attenuated total reflectance (ATR) through a diamond
plate using a Bruker Optics Alpha-P Fourier transform infrared (FTIR) spectrometer. The
samples were stored in a desiccator with Drierite overnight prior to analysis and were
examined without further preparation.
3.2.3 Non-Ambient Diffraction Studies
In situ powder diffraction data were collected using beamline 1-BM-C at the Advanced
Photon Source (APS), Argonne National Laboratory. X-rays (≈20 keV) were selected using
a Si(111) double-crystal monochromator, and the wavelengths were calibrated using a NIST
Si powder sample. Diffraction patterns were recorded on a Mar345 imaging plate detector.
The sample to detector distance (≈200 mm), beam center, tilt plane rotation angle, and
tilt angle were calibrated from a LaB6 (NIST SRM 660a) diffraction pattern.
Low temperature data were recorded with the samples held in Kapton capillary tubes.
The temperature was cycled from 120–500 K multiple times at a rate of 180 K/hr using an
Oxford Cryosystems liquid nitrogen cryostream. High temperature data were collected with
the samples held in a quartz capillary mounted in a flow cell equipped with wire wound
resistance heaters.[51] The temperature was increased from 303–1173 K at a rate of 180
K/hr.
High pressure diffraction data were collected at ambient temperature using a Diacell
Bragg (easyLab Technologies Ltd.) diamond anvil cell equipped with diamonds having
500µm culets. The samples were loaded into 300µm holes which had been EDM drilled into
preindented stainless steel gaskets (250µm thickness). A 4:1 methanol:ethanol mixture was
used as the pressure transmitting medium to ensure hydrostatic compression, and the ruby
fluorescence technique was used for pressure determination.[52] Data were collected from
ambient pressure to ≈9 GPa.
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The two-dimensional diffraction images from the Mar345 detector were integrated us-
ing the program Fit2D.[50] Structural information and lattice constants were obtained by
Rietveld analysis of the integrated diffraction patterns using the program GSAS with the
EXPGUI interface.[53, 54] The sequential processing mode within GSAS (SEQGSAS) was
used to allow batch processing of the variable temperature diffraction patterns.
3.3 Results
3.3.1 Phase Purity and Room Temperature Crystal Structure
The powder diffraction patterns collected for the materials prepared using both synthetic
routes were initially analyzed using the Rietveld method assuming a cubic ReO3-structure
type (space group no. 221, Pm3̄m).[62] Diffraction patterns collected for TiOF2 under
ambient conditions showed a single Bragg reflection (d= 2.29Å) that is not symmetry-
allowed for the Pm3̄m structure. Symmetry lowering may occur in perovskites arising from
octahedral tilts; therefore diffraction patterns possessing the extra Bragg reflection were
subsequently analyzed using the lower symmetry rhombohedral space group R3̄c (Figure
16).
As shown in Figure 17, the Ti1−x(O/OH/F)3 samples were all single phase with cubic
ReO3 (Pm3̄m) type symmetry. However, TiOF2 samples contained a trace amount (less
than 1% by weight, as determined by quantitative Rietveld analysis) of TiO2 (anatase)
impurity. During analyses of the diffraction data, the unit cell parameters, sample height
displacement, pseudo-Voigt profile parameters, background, and thermal parameters for Ti
and randomly distributed O/F (constrained to be identical to one another) were refined.
During the analysis of the diffraction data for TiOF2 using the rhombohedral space group,
the O/F positions in the unit cell were refined. The site occupancy for Ti was also refined
during analysis of the diffraction data for Ti1−x(O/OH/F)3; while the refinement of site
occupancy is highly correlated to the atomic displacement parameters, it resulted in a
calculated density that was in good agreement with that measured experimentally. The
results from the Rietveld refinements are presented in Tables 5 and 6.
The measured densities for TiOF2 and Ti1−x(O/OH/F)3 were 3.102(6) and 2.924(2)
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g·cm−3, respectively. The measured fluoride content from three replicate measurements of
TiOF2 and Ti1−x(O/OH/F)3 were 43.3, 42.5, 42.7 and 41.1, 40.9, 40.9% by weight, respec-
tively. The expected fluoride content in TiOF2 is 37.3% by weight. The measured density
of TiOF2 is consistent with that expected for TiOF2 with rhombohedral symmetry (3.118
g·cm−3), and the measured density for Ti1−x(O/OH/F)3 is consistent with the presence of
≈15% Ti vacancies.
3.3.2 Thermogravimetric and IR Spectral Analysis
The thermogravimetric weight loss curves for both materials are presented in Figure 18.
TiOF2 displays a single weight loss of ≈19.5% beginning at ≈500 K and ending at ≈600 K.
The thermal decompositon of Ti1−x(O/OH/F)3 occurs in two stages, beginning at ≈440 K
and ending at ≈740 K, resulting in an overall weight loss of ≈30%. The end products of
both decompositions were confirmed to be TiO2 (anatase) by powder X-ray diffraction.
The IR spectra collected for both materials are presented in Figure 19. There are three
distinct features characteristic of O–H vibrations present in the spectrum for titanium
hydroxyoxyfluoride that indicate the presence of hydroxyl groups. First, there is a broad
peak centered around 3300 cm−1. Second is a sharp peak at 1625 cm−1; the third distinct
feature is a broad peak around 1100 cm−1. The assignment of water and/or OH peaks
in the IR spectra is consistent with findings by Demourgues et al. in a recent study of
Ti0.75(OH)1.5F1.5.[70] These features are absent in the TiOF2 spectrum, indicating that
this material is free of hydroxyl groups.
3.3.3 Variable Temperature PXRD
Unit cell volumes per formula unit (V/Z) were extracted from sequential Rietveld fits to the
powder diffraction data and plotted with respect to temperature, as seen in Figures 20 and
21. During the sequential analysis of the diffraction data, a rhombohedral (R3̄c) model was
used for all TiOF2 diffraction patterns and the cubic (Pm3̄m) structural model was used for
all Ti1−x(O/OH/F)3 diffraction patterns during the first heating cycle. The rhombohedral
(R3̄c) model was employed during analysis of the Ti1−x(O/OH/F)3 diffraction patterns for
all subsequent heat cycles. The volumetric coefficient of thermal expansion (CTE), αv, was
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Figure 16: Rietveld fit of the rhombohedral R3̄c model to lab X-ray data for TiOF2. The
red crosses are the data points, the green line is the fit to the data, and the purple line
is the difference curve. The range 30 to 100◦ 2Θ was multiplied by 10, and the range 100
to 140◦ 2Θ was multiplied by 40 to better show fit quality at higher angles. The top set
of reflection markers corresponds to anatase TiO2, and the lower set of reflection markers
corresponds to rhombohedral TiOF2.
Table 5: Crystallographic data from the Rietveld analysis of powder diffraction data for
TiOF2 collected on a Scintag X1 diffractometer at room temperature.
Space group R3̄c, No. 167, Primitive
Unit cell a = 5.3734(2) Å
α = 59.732(2)◦
Atomic displacement parameters Ti Uiso = 0.0204(3) Å
2
O,F U11=U22 = 0.023(1) Å
2
O,F U33 = 0.022(2) Å
2
O,F U12 = -0.022(1) Å
2
O,F U13=U23 = -0.053(8) Å
2
Atom coordinates Ti (0, 0, 0), occ. = 1
O [-0.2117(3), 0.7117(3), 0.25], occ. = 13
F [-0.2117(3), 0.7117(3), 0.25], occ. = 23
Rietveld statistics χ2 = 2.102, RF
2 = 0.0570
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Figure 17: Rietveld fit of the cubic Pm3̄m model to laboratory X-ray data for
Ti1−x(O/OH/F)3. The red crosses are the data points, the green line is the fit to the
data, and the purple line is a difference curve. The range 30–78◦ 2Θ was multiplied by 10,
and the range 78–140◦ 2Θ was multiplied by 40 to better show fit quality at higher angles.
Table 6: Crystallographic data from the Rietveld analysis of powder diffraction data col-
lected for Ti1−xx(O/OH/F)3 collected on a Scintag X1 diffractometer at room temperature.
Space group Pm3̄m, No. 221
Unit cell a = 3.80929(2)Å
Atomic displacement parameters Ti Uiso = 0.0218(3)Å
2
O,F U11 = 0.015(1)Å
2
O,F U22 = U33 = 0.0592(9)Å
2
Ti site occupancy 0.788(4)




Figure 18: Weight loss on heating. The solid curve is for Ti1−x(O/OH/F)3 and indicates a
29.5% weight loss up to 750 K. The dashed line is for TiOF2 and indicates a 19.5% weight
loss up to 750 K.
Figure 19: IR spectra collected for Ti1−x(O/OH/F)3 (solid blue line) and TiOF2 (dashed
red line).
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derived from a smoothing spline fit through the available data. Both samples exhibit positive
thermal expansion over the temperature range examined. Titanium hydroxyoxyfluoride
initially undergoes a change at high temperature that alters the thermal expansion behavior
on repeated temperature cycles (Figure 20). After this ’change’, the material behaves
consistently upon repeated temperature cycles; volumetric coefficients of thermal expansion
at several temperatures are presented in Table 7. Following the change at high temperature,
Ti1−x(O/OH/F)3 adopts a rhombohedral structure at low temperatures and undergoes
an apparent second order phase transition to the cubic ReO3-structure type at elevated
temperatures. As illustrated by a stack plot of the high temperature diffraction data from
the wire-wound furnace experiments in Figure 22, no further temperature induced phase
transitions are observed before decomposition into TiO2.
Table 7: Selected volumetric coefficients of thermal expansion for TiOF2 and
Tix(O/OH/F)3 during the first and second heat cycles
Temperature TiOF2 Ti1−x(O/OH/F)3 (1
st heating) Ti1−x(O/OH/F)3 (2
nd heating)
130 K 47 ppm·K−1 27 ppm·K−1 61 ppm·K−1
300 K 165 ppm·K−1 31 ppm·K−1 72 ppm·K−1
490 K 15 ppm·K−1 10 ppm·K−1 23 ppm·K−1
TiOF2 is rhombohedral (R3̄c) at room temperature and undergoes a temperature in-
duced phase transition to cubic (Pm3̄m) symmetry at higher temperatures. A stack plot
of the high temperature diffraction data from the wire-wound furnace experiments, Figure
23, shows that TiOF2 does not undergo any further temperature-induced phase transitions
before decomposition into TiO2 at ≈650 K. The decomposition of Ti1−x(O/OH/F)3 into
anatase TiO2 occurs at ≈600 K, approximately 50 degrees lower than that observed for
TiOF2.
To estimate the phase transition temperature in TiOF2, a pseudo-Voigt function was
fit to the cubic (2 2 2) Bragg reflection; this Bragg reflection splits during the cubic →
rhombohedral phase transition ((2 2 2)→ (4 4 4),(4 0 0)). As seen in Figure 24, the FWHM
of this reflection was plotted with respect to temperature, and peak broadening begins to
occur at ≈400 K. To provide a second estimate of the phase transition temperature, the
integrated intensity of the background and rhombohedral (2 1 0) Bragg reflection (not
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Figure 20: Unit cell volume per formula unit (V/Z, Z = number of formula units in
unit cell) plotted with respect to temperature (black ’’) for Ti1−x(O/OH/F)3 (Every 5th
data point plotted for clarity). The solid red lines are smoothing spline fits through the
data (separate splines for low and high temperature range), the blue line is the volumetric
coefficient of thermal expansion derived from the spline fit, and the green line at the bottom
is a difference curve between the spline fit and the data. The ’H’ are data points from the
first temperature cycle, which resulted in an irreversible change in the material (Every 5th
data point plotted for clarity).
Figure 21: Unit cell volume per formula unit (V/Z) plotted with respect to temperature for
TiOF2. The green squares are data from the cryostream experiments, and the blue triangles
are from the high temperature wire wound furnace. The solid red lines are smoothing spline
fits through the data. The blue lines are volumetric CTEs calculated from the spline fit,
and the green line is a difference curve between the spline fits and the data.
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present in the cubic diffraction patterns) was compared to the integrated intensity of the
background ±1 degree 2θ either side of the peak. As seen in Figure 25, the integrated
intensity of the (2 1 0) reflection approaches that of the integrated background intensity at
≈425 K.
The atomic displacement factors were refined during the Rietveld analysis of the variable
temperature data. These factors were plotted with respect to temperature (Figure 26). In
the cubic phase, the site symmetry for Ti constrains the displacement factor to be isotropic;
in the rhombohedral phase the Ti atomic displacement factor consists of two components:
U11 and U22=U33. For the cubic phase, the atomic displacement factor for the anions (O/F)
is comprised of two components, U11 = U22 which are transverse to the M-X-M linkage,
and U33.
3.3.4 Variable Pressure PXRD
Diffraction patterns were analyzed using the Rietveld method as implemented in GSAS
with the EXPGUI interface. Titanium hydroxyoxyfluoride undergoes a phase transition
from cubic (Pm3̄m) to rhombohedral (R3̄c) symmetry between ≈0.5-1 GPa, as evidenced
by the appearance of a new Bragg reflection (d ≈ 2.29Å) and peak broadening at high
angles (Figure 27). As shown in Figure 28, titanium oxyfluoride remains rhombohedral
(R3̄c) throughout the pressure range examined. During the analyses, the background was
modeled using an interpolation function. The unit cell constants, anion positions within the
unit cell (for the rhombohedral phase), atomic displacement parameters, and three profile
terms were refined. As the refined parameter values were very sensitive to the choice of
background used during Rietveld analysis, the same type of background was interpolated
for each diffraction pattern.
The primitive rhombohedral unit cell angle, α, was extracted from the Rietveld analysis
results and plotted with respect to pressure (Figure 29). For both samples, the rhombo-
hedral cell angle steadily decreases under pressure. However, titanium hydroxyoxyfluoride
appears to have greater sensitivity to applied pressure. As shown in Figure 30, the ap-
parent Ti-X-Ti bond angle in the rhombohedral cells for both materials behaves similarly
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Figure 22: The high temperature powder diffraction data for Tix(O/OH/F)3. Decomposi-
tion of Ti1−x(O/OH/F)3 (black) to TiO2 (anatase, blue) is observed at temperatures above
≈600 K. The first diffraction pattern was recorded at 306 K; the temperature increases ≈30
K between each plotted diffraction pattern to a max temperature of 897 K.
Figure 23: The high temperature powder diffraction data for TiOF2. The decomposition
of TiOF2 (black) to anatase TiO2 (blue) is observed at temperatures above ≈650 K. At
temperatures above ≈1050 K anatase begins to transform into rutile TiO2 (red diffraction
patterns). The first diffraction pattern was recorded at 326 K; the temperature increase
≈42 K between each plotted diffraction pattern to a max temperature of 1219 K.
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Figure 24: Full width at half maximum of the cubic (2 2 2) reflection plotted with respect
to temperature for TiOF2.
Figure 25: Integrated intensity of the rhombohedral (2 1 0) reflection plus background
(blue *) and the integrated intensity of the background to the left (green *) and right (red
*) of this reflection for TiOF2.
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Figure 26: Atomic displacement parameters plotted with respect to temperature for TiOF2.
For the rhombohedral phase, the principle components of the atomic displacement tensors
are plotted.
under applied pressure. The extracted structural information is provided in Supplementary
Information.
3rd and 4th order Birch-Murnaghan equations of state (EOS) were fit to the rhombo-
hedral TiOF2 cell volume–pressure data. Both equations of state fit the data well, with
the 4th-order resulting in a slightly better fit (Figures 31a and 31b). The results from
both fits are summarized in Table 8. In order to compare the impacts of pressure on the
two materials, bulk moduli were also calculated from the lower (1.09–1.34 GPa) and upper
(5.66–6.12 GPa) limits of the pressure regions examined and found to be 23.55 and 61.52
GPa, respectively.
An attempt was made to fit a Birch-Murnaghan equation of state to the rhombohedral
cell volume–pressure values for the titanium hydroxyoxyfluoride material. However, a ’de-
cent’ fit was only possible by utilizing a 3rd-order equation of state and keeping Kp fixed at
an unreasonably high value of 75 (compared to Kp=4 that is observed for most materials,
Figure 31c). The calculated bulk moduli for the lower (1.05–1.36 GPa) and upper bounds
(5.78–6.49 GPa) of the pressure region were 16.84 and 59.5 GPa, respectively.
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Figure 27: Integrated powder diffraction patterns for titanium hydroxyoxyfluoride. The
pressure increases from 0 to ≈7 GPa starting at the bottom, the pressures are listed in
Table 12 in Supplemental Information. The bottom two diffraction patterns, colored blue,
correspond to the cubic ReO3 structure type. The top diffraction pattern (red) was collected
after the diamond anvil cell had been fully decompressed. The inset shows the emergence
of a new Bragg reflection arising from the cubic to rhombohedral phase transition.
Figure 28: Integrated powder diffraction patterns for TiOF2. The pressure increases from
0 to ≈8.9 GPa starting at the bottom. The pressures shown are listed in Table 11 in
Supplemental Information. The top diffraction pattern, represented as a red line, was
collected after the diamond anvil cell had been fully decompressed.
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Figure 29: The primitive rhombohedral unit cell angle, α, plotted with respect to pressure
at 298 K. TiOF2 is represented by the triangles, ’H’, and Ti1−x(O/OH/F)3 by the squares,
’’. The error in α is smaller than the symbol size.
Figure 30: The Ti-X -Ti (X =O,F,OH) bond angle plotted with respect to pressure at 298
K. Ti1−x(O/OH/F)3 is represented by the squares, ’’, and TiOF2 by the triangles, H’.
The error in the bond angle is smaller than the symbol size.
Table 8: Birch-Murnaghan equation of state fit parameters for TiOF2 and
Ti1−x(O/OH/F)3.
∗Variables that were kept constant during the equation of state fit.
Material V0/Z (Å
3) K0 (GPa) Kp Kpp Order of EoS Rw
TiOF2 54.4(4) 14.6(4) 4.5(7) 3.2(3) 4
th 0.9908%
TiOF2 53.6(3) 23.1(9) 4∗ -0.16862∗ 3rd 8.5814%
Ti1−x(O/OH/F)3 57.7(4) 1.21(8) 75
∗ N/A 3rd 2.7951%
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Figure 31: (a) 4th-order Birch-Murnghan equation of state fit to TiOF2 unit cell volume
versus pressure; (b) 3rd-order Birch-Murnghan equation of state fit to TiOF2 unit cell
versus pressure; (c) 3rd-order Birch-Murnghan equation of state (Kp fixed at 75) fit to
Ti1−x(O/OH/F)3 unit cell versus pressure.
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3.4 Discussion
Titanium oxyfluoride that had been prepared from the direct reaction of TiO2 with TiF4 is
free of hydroxyl defects and Ti vacancies, but the material does not adopt the cubic ReO3
structure. Under ambient conditions, this material adopts a rhombohedral structure with
ReO3-type connectivity. Shian et al. reported similar findings in their synthesis of TiOF2
from TiF4 vapor and SiO2.[69]
The material prepared using the previously reported synthesis (digestion of TiO2 in
aqueous HF) does adopt the cubic ReO3 structure type but does not have the 1:1:2 stoi-
chiometry implied by the formula TiOF2. While there has been speculation in the literature
concerning the presence of hydroxyl groups in this material, they have not been properly
quantified until now. The measured density of this material was much lower than that of
the material produced from the direct reaction synthesis due to the presence of Ti vacancies,
an observation that is also supported from the Rietveld analysis of the power diffraction
data; refinement of the Ti site occupancy resulted in a substantially improved fit. Cou-
pling the fluoride content with the density measurements, the approximate stoichiometry
of the material is Ti0.85O0.4(OH)0.4F2.2. The presence of hydroxyl groups in this material
is confirmed by IR spectra.
The suggested approximate stoichiometry of Ti0.85O0.4(OH)0.4F2.2 is further supported
by the TGA measurements. The end product of the decomposition was confirmed to be
TiO2, with a measured weight loss of ≈30%. One possible decomposition route to TiO2 is
through pyrohydrolysis:
Ti0.85O0.4(OH)0.4F2.2 + 0.9 ·H2O → 0.85 · TiO2 + 2.2 ·HF (6)
Such a decomposition would result in a weight loss of 29.1%, which is consistent with the
weight loss measured experimentally. As no special precautions were taken to maintain an
anhydrous environment during analysis, coupled with evidence of HF liberation through
significant fluoride etching of the fused quartz furnace surrounding, it is likely that water
was present during the TGA measurements.
The averaged measured fluoride content in TiOF2 is 42.8%, which is higher than that
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expected (37.3%). It is likely that the measured fluoride content in these materials is in
error, as the density measurements and thermogravimetric analysis for TiOF2 are consistent
with the material being TiOF2. While an excess of TiF4 was used during the synthesis of
TiOF2; residual TiF4 would hydrolyze in air and should be evident in the IR spectra,
however, no such indication was observed. This suggests that the actual fluoride content in
Ti1−x(O/OH/F)3 may be lower than estimated from the analysis, which would be offset by
an increase in the hydroxyl content.
During the course of this study, multiple titanium hydroxyoxyfluoride samples were syn-
thesized from the digestion of TiO2 in HF. Diffraction patterns collected for these samples
all indicate that they adopted the cubic ReO3 structure type; however, density measure-
ments of the samples varied from ≈2.7–2.95 g·cm−3. All IR spectra collected of samples
prepared using this method indicated that OH groups were present, suggesting that the
amount of Ti vacancies and the O/OH/F ratio in this material is extremely sensitive to the
reaction conditions; it was not possible to consistently synthesize materials with the same
amount of Ti vacancies. In a recent study on zinc hydroxyfluorides, Serier et al. reported
that during the synthesis of Zn(OH)2−xFx, the amount of fluorine in the final product was
to some extent dependent upon experimental conditions.[71]
While several other materials with the same structural connectivity display interesting
(NTE and ’zero’) thermal expansion behavior, both TiOF2 and Ti0.85O0.4(OH)0.4F2.2 ex-
hibit positive thermal expansion in the temperature range examined, between 120 K through
decomposition into TiO2. The initial decrease in unit cell volume observed during the first
heating cycle of the variable temperature diffraction experiments of Ti1−x(O/OH/F)3 arises
from a composition change due to pyrohydrolysis. The thermal expansion properties of the
resulting material are similar to those of TiOF2, and the resulting material adopts a rhom-
bohedrally distorted ReO3 structure at room temperature. However, TiOF2 is not formed
by this pyrohydrolysis; while similar, the thermal expansion characteristics of the resulting
material and TiOF2 differ, and as evidenced in Figures 20 and 21, the maximum thermal
expansion for TiOF2 occurs at ≈330 K whereas the maximum for the new material occurs at
≈260 K. The temperature-induced phase transition from rhombohedral→cubic symmetry
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for TiOF2 also occurs at a higher temperature than that observed for Ti0.85O0.4(OH)0.4F2.2
after heating to 500 K.
Shian et al. examined the phase transition from rhombohedral to cubic symmetry in
TiOF2 prepared by the reaction of TiF4 gas with silica microspheres.[69] In the course of
their variable temperature powder diffraction studies, there was no evidence of a rhom-
bohedral phase at temperatures greater than 368 K; through the course of DSC analyses
the phase transition was estimated to occur between 333-338 K.[69] Variable temperature
diffraction data collected for TiOF2 prepared from the direct reaction of TiO2 and TiF4
indicate that, for the material prepared using this route, the rhombohedral to cubic phase
transition is not complete until ≈400 K (Figures 24 and 25).
Titanium trifluoride, TiF3, also adopts a rhombohedrally distorted ReO3-type structure
under ambient conditions; at temperatures above ≈380 K a phase transition to the cubic
ReO3-type structure is observed.[72] This transition occurs at a slightly lower temperature
than that estimated for TiOF2. Both TiOF2 and TiF3 exhibit drastic changes in thermal
expansion behavior during the phase transition; this is in stark contrast to behavior ob-
served for the perovskites SrZrO3 and LaAlO3, where the rate of thermal expansion remains
almost constant throughout the transition.[72, 73, 74] Much like TiF3, the only temperature
induced phase transition observed for TiOF2 is that from rhombohedral to cubic symmetry.
Much like TiOF2, tantalum oxyfluoride, TaO2F, is also an anion disordered oxyfluoride.
Under ambient conditions, TaO2F adopts the cubic ReO3 structure type, which is thermally
stable until decomposition into Ta2O5 at temperatures above 773 K.[34] Tao and Sleight
examined the thermal expansion properties of this material, and they reported that the
thermal expansion was so low that they could not be certain whether it was positive or
negative.[35] Large atomic displacement parameters (ADPs) were observed for Ta and the
anion (O/F) transverse component; the large values for the ADPs persisted to low tem-
peratures indicating the presence of static disorder in this structure. This observation led
the authors to propose that there may be non-linear Ta–(O/F)–Ta links in this material;
if NTE is expected to arise through rocking of rigid unit modes, it would be optimized if
the Ta–(O/F)–Ta linkages were at a 180◦ angle.[35] As evidenced by the low temperature
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ADPs for TiOF2 (Figure 26), there is also a large amount of static disorder in TiOF2.
There is not a temperature-induced phase transition in TaO2F; the lack of a phase
transition, coupled with the potential for different amounts of static disorder in these two
materials, may account for their differences in thermal expansion behavior. The CTE for
the rhombohedral phase of TiOF2 is higher than that of the cubic phase; during heating the
rhombohedral phase expands as it unfolds into the cubic phase. TiOF2 also has a greater
F:O ratio than TaO2F; however, X-ray diffraction alone is not sufficient to quantify how
this difference impacts thermal expansion properties. An analysis of the local structures of
TiOF2 and TaO2F, presented in Chapter 5, is necessary to formulate an understanding of
how local structural disorder impacts thermal expansion properties of these materials.
The role of static disorder on the thermal expansion properties of ReO3 has recently been
studied in detail. Analysis of the atomic displacement parameters (ADPs) indicated that
there was static disorder of the oxygen atoms in ReO3, transverse to the Re–O–Re bonds,
that is dependent upon sample preparation and quality.[24] In a study examining the lattice
dynamics of ReO3, the M 3 phonon mode, which involves rotation of the ReO6 octahedra
arising from the transverse thermal motion of the bridging oxygen atoms, was implicated as
contributing to NTE in this material.[22] As this mode is the primary contributor to NTE
at low temperatures, static displacements of the oxygen atoms transverse to the Re–O–Re
bond would diminish NTE behavior.[24]
During the high pressure studies, the structure of TiOF2 remained rhombohedral over
the entire pressure range examined. The calculated zero pressure bulk modulus (K0) for
TiOF2, as determined from the 4
th order Birch-Murnaghan equation of state, is quite low,
14.6(4) GPa. In a high pressure powder diffraction study of TaO2F, Cetinkol et al. reported
an average bulk modulus of 60(2) GPa for the high pressure rhombohedral phase between
4–8 GPa (as it was not possible to fit an equation of state to the available data), which is
similar to the bulk moduli estimated for the high pressure region for both TiOF2 (K=61.5
GPa between 5.66–6.12 GPa) and Ti1−x(O/OH/F)3 (K=59.5 GPa between 5.78–6.49 GPa).
Niobium oxyfluoride, NbO2F, has been reported to have a zero pressure bulk modulus
of ≈9.6 GPa for the rhombohedral phase, which is a similar value as that observed for
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TiOF2.[75] The CTE (αv) of cubic NbO2F, calculated from 10–300 K, was reported to be
31.2 ppm·K−1; this is higher than the CTE observed for cubic TiOF2.[35]
3.5 Conclusions
The two different synthesis methods reported for TiOF2 resulted in two different mate-
rials. The material produced by heating TiO2 with TiF4 is in fact TiOF2, however this
material does not adopt the cubic ReO3 structure under ambient conditons as some re-
ports previously suggested. Using the more commonly used synthesis method, digestion of
TiO2 in HF, did not produce TiOF2; this synthesis route resulted in a titanium hydroxy-
oxyfluoride (Ti1−x(O/OH/F)3) containing Ti vacancies. While both NTE and zero thermal
expansion have been observed in some materials with the ReO3 structure, both TiOF2 and
Ti1−x(O/OH/F)3 exhibit positive thermal expansion at all temperatures examined.
During the variable temperature diffraction studies, the Ti1−x(O/OH/F)3 material exh-
bited a reduction in unit cell volume during the first heating cycle. This reduction occured
during decomposition through pyrohydrolysis, and the resulting material adopted a rhom-
bohedral structure at room temperature and thermal expansion behavior broadly similar to
TiOF2. However, pyrohydrolysis to TiOF2 was not observed; the thermal expansion rates
for the two materials differed and the phase transition from rhombohedral→cubic symmetry
occured at different temperatures.
Large values for the transverse component of the atomic displacement parameters for the
anions in TiOF2 were observed to low temperatures suggesting static disorder of the anions.
Such static disorder has been implicated as impeding NTE in ReO3 and as a possible reason
why TaO2F displays zero thermal expansion as opposed to NTE. The presence of such static
disorder, coupled with TiOF2 adopting a rhombohedral structure at low temperatures, likely
contributes to this material displaying positive thermal expansion.
3.6 Supplementary Information
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Figure 32: Rietveld fit of TiOF2 at 298 K. This is a representative fit to the cryostream
diffraction data collected using beamline 1-BM-C at the Advanced Photon Source. The fit
was used as the starting point for sequential Rietveld analysis of the remaining diffraction
data. The red (+) are the data points, the green (–) is the fit, and the purple (–) is the
difference curve.
Table 9: Rietveld analysis results for TiOF2 variable temperature experiment at beamline
1-BM-C of the APS using a cryostream for temperature control. The results are from the
analysis of the first pattern in the series, collected at 298 K.
Space group R3̄c, No. 167, Primitive
Wavelength 0.615183Å
Unit cell a = 5.3625(3) Å
α = 59.724(2)◦
Atomic displacement parameters Ti U11=22=33 = 0.0272(5) Å
2
Ti U12=13=23 = -0.0121(3) Å
2
Ti U1 = 0.0093(2) Å
2
Ti U2=3 = 0.029(7) Å
2
O,F U11=22 = 0.026(1) Å
2
O,F U33 = 0.020(2) Å
2
O,F U12 = -0.020(1) Å
2
O,F U13=23 = -0.0040(8) Å
2
O,F U1 = 0.009(1) Å
2
O,F U2 = 0.034(2) Å
2
O,F U3 = 0.023(1) Å
2
Atom coordinates Ti (0, 0, 0), occupancy = 1
O [-0.2119(4), 0.7119(4), 0.25], occupancy = 13
F [-0.2119(4), 0.7119(4), 0.25], occupancy = 23
Rietveld statistics χ2 = 28.94, RF
2 = 0.0576
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Figure 33: Rietveld analysis of Ti1−x(O/OH/F)3 at 298 K. This is a representative fit to
the cryostream diffraction data collected using beamline 1-BM-C at the Advanced Photon
Source. The fit was used as the starting point for sequential Rietveld analysis of the re-
maining diffraction data. The red (+) are the data points, the green (–) the fit, and the
purple (–) the difference curve.
Table 10: Rietveld refinement results from the analysis of the 298 K diffraction pattern
collected for Ti1−x(O/OH/F)3 at beamline 1-BM-C of the APS.
Space group Pm3̄m, No. 221
Wavelength 0.615183Å
Unit cell a = 3.80629(9) Å
Vol. = 55.145(4)
Atomic displacement parameters Ti Uiso = 0.0164(3) Å
2
O,F U11 = 0.0154(9) Å
2
O,F U22 = 0.0474(8) Å
2
O,F U33 = 0.0474(8) Å
2
Atom coordinates Ti (0, 0, 0), occupancy = 0.779(5)
O (0.5, 0, 0), occupancy = 13
F (0.5, 0, 0), occupancy = 23
Rietveld statistics χ2 = 17.65, RF
2 = 0.0375
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Table 11: Rhombohedral lattice parameters, unit cell volume, Ti-X-Ti bond angle, and
apparent Ti-X bond length for TiOF2 as a function of pressure
Pressure (GPa at 298 K) a(Å) α(◦) Vol(Å3) Ti-X-Ti (◦) Ti-X (Å)
0 5.3685(2) 59.696(2) 108.653(8) 167.0(2) 1.9059(4)
0.09 5.6357(2) 59.655(2) 108.378(6) 167.7(2) 1.9031(3)
0.28 5.3474(3) 59.332(3) 106.479(9) 163.4(2) 1.9011(5)
0.40 5.3429(3) 59.219(4) 105.935(9) 162.7(2) 1.8996(5)
0.61 5.3352(4) 58.944(5) 104.792(9) 160.0(2) 1.9001(7)
0.72 5.3309(5) 58.808(5) 104.21(1) 159.3(2) 1.8989(8)
1.09 5.3156(4) 58.343(7) 102.176(6) 156.5(2) 1.8955(8)
1.34 5.3117(5) 57.965(7) 101.025(9) 156.7(3) 1.8881(9)
1.63 5.3051(5) 57.561(6) 99.654(9) 153.8(2) 1.8904(8)
2.16 5.2925(4) 57.074(5) 97.755(8) 152.4(2) 1.8845(7)
2.51 5.2858(4) 56.789(5) 96.689(7) 151.5(2) 1.8815(6)
3.36 5.2706(4) 56.220(4) 94.471(6) 147.8(2) 1.8846(8)
3.41 5.2695(3) 56.147(4) 94.234(6) 147.4(2) 1.8849(8)
3.64 5.2657(4) 56.027(4) 93.738(6) 147.0(2) 1.8838(8)
3.99 5.2609(3) 55.860(4) 93.077(6) 146.4(2) 1.8826(8)
4.77 5.2482(3) 55.452(4) 91.421(5) 145.0(2) 1.8790(8)
5.25 5.2415(3) 55.252(4) 90.587(3) 144.5(2) 1.8767(8)
5.32 5.2417(3) 55.244(4) 90.580(3) 144.4(1) 1.8770(8)
5.66 5.2371(3) 55.117(4) 90.037(2) 144.2(1) 1.8748(8)
6.12 5.2319(3) 54.961(4) 89.389(3) 143.6(1) 1.8736(8)
6.54 5.2264(3) 54.819(3) 88.768(4) 143.1(1) 1.8722(8)
7.04 5.2195(3) 54.666(3) 88.051(4) 142.7(1) 1.8700(8)
7.79 5.2096(3) 54.460(3) 87.061(3) 142.3(1) 1.8654(8)
8.93 5.1988(3) 54.248(3) 86.017(3) 142.4(1) 1.8582(8)
Table 12: Symmetry, lattice parameters, unit cell volume, Ti-X-Ti bond angle, and appar-
ent Ti-X bond length for Ti1−x(O/OH/F)3 as a function of pressure
Pressure (GPa) Symmetry a(Å) α(◦) Vol(Å3) Ti-X-Ti (◦) Ti-X (Å)
0.10 cubic 3.8040(3) 55.046(1) 180.00(0) 1.90200(2)
0.46 cubic 3.7885(1) 54.374(6) 180.00(0) 1.89423(7)
1.05 rhombohedral 5.3316(8) 58.234(9) 102.83(2) 155.59(33) 1.9029(12)
1.36 rhombohedral 5.3202(7) 57.74(1) 100.96(1) 155.23(23) 1.8931(9)
1.68 rhombohedral 5.3129(6) 57.279(7) 99.40(1) 152.80(29) 1.8930(12)
1.90 rhombohedral 5.3084(7) 56.950(7) 98.33(1) 151.31(28) 1.8927(12)
2.07 rhombohedral 5.3049(5) 56.784(7) 97.727(4) 150.31(28) 1.8934(12)
2.52 rhombohedral 5.2927(7) 56.423(7) 96.17(1) 148.82(27) 1.8905(13)
3.03 rhombohedral 5.2822(9) 56.00(1) 94.56(1) 148.1(4) 1.8839(18)
3.51 rhombohedral 5.2725(7) 55.688(7) 93.27(1) 146.76(27) 1.8824(14)
4.46 rhombohedral 5.2572(8) 55.152(9) 91.161(5) 145.64(29) 1.8748(15)
4.64 rhombohedral 5.2555(8) 55.060(9) 90.846(6) 145.62(30) 1.8729(15)
5.11 rhombohedral 5.2503(8) 54.805(8) 89.961(9) 144.38(27) 1.8738(15)
5.78 rhombohedral 5.2391(9) 54.586(8) 88.85(1) 144.28(28) 1.8672(15)
6.49 rhombohedral 5.2335(9) 54.417(8) 88.16(1) 143.72(27) 1.8657(15)
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CHAPTER IV
EFFECT OF PRESSURE ON THE PROPERTIES OF TaO2F AND ScF3
4.1 Introduction
Negative thermal expansion (NTE) materials have been the target of recent research ef-
forts, due to fundamental interest in structure–property relationships and because of their
possible applications.[4, 12] One such application for NTE materials is in controlled ther-
mal expansion composites; controlling thermal expansion can lead to enhanced dimensional
stability and the ability to match expansion between different components.[15] The manu-
facture and use of composites can subject the materials to stresses that may induce phase
transitions or alter the thermal expansion behavior of the materials.
Cubic zirconium tungstate, ZrW2O8, is one of the most widely studied NTE materials;
it exhibits strong isotropic NTE across a broad temperature range. Holzer et al. explored
the feasibility of making a metal matrix composite between copper metal and ZrW2O8; such
a composite should have low thermal expansion and high thermal conductivity, which are
desired for applications such as heat sinks for electronic components.[38] However, a phase
transition from cubic ZrW2O8 to orthorhombic ZrW2O8 arising from stresses encountered
during processing or from mismatches between the coefficients of thermal expansion (CTEs)
for the filler and matrix was observed. This transition does not occur on hydrostatic com-
pression until ≈220 MPa; the thermal expansion behavior of the two ZrW2O8 phases differs,
resulting in a composite with diminished performance.[43, 44]
The pressure dependence of the volumetric coefficent of thermal expansion (αv) is related











Experimental and theoretical studies of the temperature dependence of the isothermal bulk
modulus, (∂KT∂T )p, show that it is typically negative, which implies that the CTE usually
decreases upon compression.[42]
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The pressure dependence of the CTE for Zn(CN)2, a negative thermal expansion mate-
rial, has been examined; the CTE was reported to become more negative upon compression.[76]
The average linear CTE for this material decreased from -17.4(2) ppm·K−1 to -19.4(2)
ppm·K−1 upon going from ambient pressure to 0.4 GPa. Cetinkol et al. examined the
pressure dependence of the CTE for the NTE material Zr2(WO4)(PO4)2; no effect on the
CTE was observed from ambient pressure to 0.30 GPa.[77]
There has been little research examining the effects of pressure on the CTE of nega-
tive thermal expansion materials. The same structural features that can give rise to NTE,
namely flexible open frameworks, can also cause interesting behavior on modest compres-
sion. High pressure behaviors, such as phase transitions, can be problematic for applications,
necessitating the need for further studies of the effects of pressure on thermal expansion in
NTE materials.
TaO2F, which adopts the cubic ReO3 structure type, has been reported to be a ’zero’
expansion material, and a recent high pressure study reported a phase transition from cubic
to rhombohedral symmetry above ≈0.7 GPa.[35, 45] ScF3 also adopts the cubic ReO3 struc-
ture type and was recently reported to exhibit pronounced NTE across a broad temperature
range, and a phase transition from cubic to rhombohedral symmetry was observed at ≈0.8
GPa.[33] To date, there have been no studies examining the effects of pressure on the CTEs
of these two materials.
4.2 Experimental
4.2.1 Sample Preparation
Scandium trifluoride was used as supplied by American Elements (99.99% metals basis).
TaO2F had been prepared previously
1 by dissolving Ta2O5 (STREM, 99.8% metals basis)
in a Pt crucible with concentrated HF (Mallinckrodt, 48%) followed by slow evaporation
to dryness. This sample is subsequently referred to as TaO2F-A. The remaining powder
was transferred to a Teflon container and heated at 453 K for 10 hours. TaO2F was also
prepared using a low temperature solid state reaction between Ta2O5 and TaF5. The
1This sample was prepared by Mehmet Cetnikol.
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reagents (including a 10% excess of TaF5 over that required by stoichiometry) were combined
in an argon filled glove box using a mortar and pestle. The reaction mixture was sealed
inside a nickel tube fitted with stainless steel Swagelok compression fittings to create an
air-tight vessel. The mixture was heated at 483 K for 18 hours, and then quenched in water
to room temperature. This sample is subsequently referred to as TaO2F-B; two different
batches of TaO2F-B were prepared, one of X-ray diffraction experiments and a scaled up
synthesis for neutron diffraction experiments at HFIR.
4.2.2 High Pressure–Low Temperature Neutron Diffraction
High pressure–low temperature time of flight (TOF) neutron diffraction data were collected2
for TaO2F-A on the Special Environment Powder Diffractometer (SPED) at the Intense
Pulsed Neutron Source (IPNS), Argonne National Laboratory.[78] Pressure was controlled
using a helium gas pressure cell that allowed the application of precisely measured hydro-
static pressure.[40] At room temperature, data were recorded at 0.00, 0.05, 0.10, 0.20, 0.25,
0.30, and 0.40 GPa. At 60 K, diffraction data were recorded at 0.00, 0.20, and 0.30 GPa.
Neutron powder diffraction data were collected for both samples of TaO2F and for
ScF3 at beamline HB2A of the High Flux Isotope Reactor (HFIR), Oak Ridge National
Laboratory. A wavelength of 1.54 Å was selected using a Ge crystal monochromator for the
TaO2F measurements and a wavelength of 1.12 Å was selected for the ScF3 measurements
. The powdered samples were held inside an aluminum bodied helium gas pressure cell that
allowed application of precisely measured hydrostatic pressure. Temperature control was
provided using a closed-cycle helium refrigerator. Diffraction data for ScF3 were recorded
at 0.007, 0.103, 0.207, and 0.310 GPa at 50, 100, 150, and 280 K. For TaO2F-A, diffraction
data were recorded at 0.007, 0.103, 0.207, and 0.310 GPa at 40, 80, 120, 160, 200, 240, and
280 K; for TaO2F-B, diffraction data were recorded at 0.007, 0.103, 0.207, and 0.310 GPa
at 40, 60, 80, 100, 120, 160, 200, 240, and 280 K.
2The HP–LT diffraction data from IPNS for TaO2F-A were collected by Mehmet Cetnikol in 2007.
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4.2.3 High Pressure–High Temperature X-ray Diffraction
High pressure–high temperature X-ray diffraction data were collected for TaO2F-B on beam-
line 11-ID-B at the Advanced Photon Source (APS), Argonne National Laboratory. TaO2F-
B was slurried with silicone oil and loaded into a Kapton capillary that was then loaded into
a specially designed titanium pressure vessel equipped with an internal collimator to reduce
scattering from the pressure vessel.[79] Hydrostatic pressure was applied using a hand-driven
syringe pump utilizing silicone oil as the pressure transmitting medium. Temperature con-
trol was provided by an aluminum bodied heater block equipped with cartridge heaters that
surrounded the Ti pressure vessel. High energy X-rays (58.29 keV) were used to provide
adequate penetration of the pressure cell. Diffraction data were recorded on a Perkin Elmer
amorphous silicon-based area detector (2048x2048, 200µm pixels). Ceria, CeO2, was used
as a calibrant for sample-to-detector distance, detector tilt angle, and beam center. The
two-dimensional diffraction images were processed using the program Fit2D.[50] Diffraction
data were recorded at ambient, 323, 373, and 423 K at 0.008, 0.04, 0.08, 0.12, 0.16, 0.20,
0.24, and 0.27 GPa. Data were also recorded at 473 and 523 K at 0.008, 0.04, 0.08, 0.12,
0.16, 0.20 and 0.24 GPa.
4.3 Results
4.3.1 TaO2F
The variable temperature–pressure neutron diffraction patterns collected for TaO2F at
HFIR were analyzed using a combination of the Le Bail and Rietveld methods as im-
plemented in Fullprof.[55] As seen in Figure 34, the diffraction patterns were dominated
by scattering from the aluminum pressure cell. A Le Bail fit was utilized to fit the alu-
minum diffraction peaks, while a Rietveld fit of the cubic Pm3̄m model was made to the
TaO2F diffraction data. The lattice parameters for TaO2F, scale factor, and a four term
Thompson-Cox-Hastings pseudo Voigt profile function were refined. The background was
modeled using a 6-term polynomial function; the atomic displacement parameters were
fixed at 0.0025 Å2, as attempts to refine them resulted in either unrealistic values or caused
the Rietveld refinement to fail. The TaO2F lattice parameters obtained from the Rietveld
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analyses are presented in Supplemental Information.
The high pressure–high temperature X-ray diffraction patterns collected for TaO2F-B
at the APS were analyzed using the Rietveld method as implemented in GSAS using the
EXPGUI interface.[53, 54] The regions in the diffraction pattern below 8.5◦ 2θ were excluded
because they were dominated by scattering from the Ti pressure vessel. The cubic Pm3̄m
model was used during the analyses of all the diffraction patterns; the lattice parameters for
TaO2F, scale factor, isotropic atomic displacement parameters for Ta and O/F (constrained
to have identical values), detector zero correction, and a 4-term pseudo Voigt profile function
were refined. The background was modeled using an 8-term shifted Chebyschev function.
A representative Rietveld fit to the diffraction data collected at 523 K, 0.24 GPa is shown
in Figure 35. The lattice parameters extracted from the Rietveld analyses are presented in
Supplmental Information.
The unit cell volumes of TaO2F-A and TaO2F-B were extracted from the Rietveld
analyses of the variable temperature–variable pressure diffraction data and plotted with
respect to temperature at pressure, and with respect to pressure at temperature (Figures
36–41). Straight line fits were used to calculate average volumetric CTEs at pressure,
and average bulk moduli at temperature (Table 13). The non-linear behavior of the unit
cell volume at low temperature (≈40–160 K) and high pressure (0.310 GPa) suggested
the presence of a phase transition and prompted a reevaluation of the high pressure–low
temperature TOF neutron diffraction data, which are of higher quality because of the
pressure cell design and experimental geometry.
The TOF diffraction pattern collected for TaO2F-A at 60 K, 0.3 GPa shows a Bragg
reflection at d≈1.43 Å that is not accounted for using a cubic (Pm3̄m) structural model.
The diffraction pattern was reanalyzed using a primitive rhombohedral (R3̄c) structural
model (Figure 42) that accounts for this Bragg reflection, giving an improvement to the
fit quality (χ2=1.394 vs. 1.756 and Rp=0.1079 vs. 0.1217). For comparison purposes, the
ambient diffraction pattern for TaO2F is shown in Figure 43 and the fit of the cubic Pm3̄m
model to the 60 K, 0.3 GPa diffraction data is shown in Figure 44. This extra reflection
was not observed in the high pressure–low temperature diffraction data from HFIR, which
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Figure 34: Rietveld fit to the 280 K, 0.007 GPa diffraction pattern collected for TaO2F-A
at HFIR. The top set of reflection markers correspond to cubic (Pm3̄m) TaO2F, the bottom
set to FCC Al (sample cell). The red (◦) are the data points, the black (–) is the fit to the
data, and the blue (–) is the difference curve.
Figure 35: Representative Rietveld fit to the high pressure–high temperature TaO2F X-ray
diffraction data. The observed (red +), calculated (green -), difference curve (purple -), and
reflection markers (|) are shown for the diffraction pattern collected at 523 K and 0.24 GPa
inside of a titanium pressure cell.
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Figure 36: Log of unit cell volume plotted with respect to temperature at 0.007 GPa (blue
), 0.1 GPa (purple 5), 0.2 GPa (green 4), and 0.3 GPa (black 3) for TaO2F-A from
experiments at HFIR. The dashed red lines are straight line fits used to estimate average
volumetric CTEs.
Figure 37: Log of unit cell volume plotted with respect to pressure at 40 K (blue ), 160
K (purple .), 200 K (4), and 280 K (black 3) for TaO2F-A from experiments at HFIR.
The dashed red lines are linear fits used to estimate the average bulk modulus (K). Data
sets from 80, 120, and 240 K were omitted for clarity.
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Figure 38: Log of unit cell volume plotted with respect to temperature at 0.007 GPa (blue
*), 0.103 GPa (red 3), 0.207 GPa (black ), and 0.310 GPa (green 4) for TaO2F-B from
experiments at HFIR. The dashed red lines are straight line fits used to estimate the average
volumetric CTEs.
Figure 39: Log of unit cell volume of TaO2F-B plotted with respect to pressure at 40 K (red
4), 60 K (blue .), 80 K (green ), 100 K (black 3), 120 K (red 3), 160 K (blue 4), 200
K (green ◦), 240 K (black ), and 280 K (purple ) from low temperature–high pressure
diffraction experiments at HFIR. The straight line fits used to calculate the average bulk
modulus are omitted for clarity.
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Figure 40: Unit cell volume for TaO2F-B from APS plotted with respect to temperature
at 0.008 GPa (red *), 0.04 GPa (blue 3), 0.08 GPa (black ), 0.12 GPa (purple O), 0.16
GPa (green .), 0.20 GPa (blue ), 0.24 GPa (black ◦), and 0.27 GPa (red O).
Figure 41: Unit cell volume for TaO2F-B from APS plotted with respect to pressure at
ambient (black *), 323 K (blue 3), 373 K (red 4), 423 K (purple O), 473 K (blue ), and
523 K (green ◦). Straight line fits used to calculate the bulk modulus are omitted for clarity.
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Table 13: Average volumetric coefficients of thermal expansion (40–280 K) for TaO2F-A
and TaO2F-B at pressure and average bulk modulus, K, at temperature, calculated from
straight line fits through ln(V) vs T and ln(V) vs P, respectively.
Pressure (GPa) TaO2F-A, αv TaO2F-B, αv
0.007 1.4(4) ppm·K−1 -1.7(4) ppm·K−1
0.103 7.6(9) ppm·K−1 2.7(2) ppm·K−1
0.207 16(1) ppm·K−1 10.5(6) ppm·K−1
0.310 32(3) ppm·K−1 23(1) ppm·K−1
Temperature (K) TaO2F-A, K TaO2F-B, K
40 24(1) GPa 24(2) GPa
60 N/A 25(2) GPa
80 25(4) GPa 27(2) GPa
100 N/A 27(2) GPa
120 31(3) GPa 29(2) GPa
160 35(2) GPa 33(1) GPa
200 42(2) GPa 37(1) GPa
240 47(1) GPa 42(1) GPa
280 53(1) GPa 44(1) GPa
Table 14: Average volumetric coefficients of thermal expansion (298–523 K) for TaO2F-B
at pressure, and average bulk modulus, K, at temperature, calculated from straight line
fits to ln(V) vs. P from Rietveld analyses of the high temperature–high pressure diffraction
data collected on beamline 11-ID-B of the APS. Note that this sample of TaO2F-B was not
the same batch of sample used for the low temperature experiments at HFIR.



















was of lower quality and was dominated by scattering from the sample environment.
4.3.2 ScF3
The low temperature–high pressure neutron diffraction data collected on beamline HB2A
at HFIR for ScF3 were analyzed using a combination of the Le Bail and Rietveld methods
as implemented in Fullprof.[55] As seen with TaO2F in Figure 34, the recorded diffraction
patterns were dominated by scattering from the aluminum bodied pressure cell; a represen-
tative fit to the diffraction pattern collected at 0.007 GPa and 280 K for ScF3 is provided in
Supplemental Information. The diffraction peaks from the pressure cell were modeled with
a Le Bail fit; the ScF3 peaks were modeled simultaneously using a Rietveld fit. The 0.310
GPa diffraction patterns recorded at 50 and 100 K, and the diffraction pattern recorded at
0.207 GPa and 50 K were modeled using the rhombohedral R3̄c space group using hexagonal
axes; all others were modeled using the cubic Pm3̄m space group. The lattice parameters
for ScF3, scale factor, and a four term Thompson-Cox-Hastings pseudo Voigt profile func-
tion were refined. The background was modeled using a 6-term polynomial function; the
atomic displacement parameters were fixed at 0.0025 Å2 as attempts to refine them resulted
in either unrealistic values or caused the Rietveld refinement to fail. The lattice parameters
for ScF3 from the Rietveld analyses are presented in Supplemental Information.
The unit cell volumes per formula unit (V/Z) for ScF3 were plotted with respect to
temperature at pressure and with respect to pressure at temperature, as shown in Figures
45 and 46, respectively. Straight line fits to ln(V) vs. T and P were used to calculate average
CTEs at pressure and average bulk moduli at temperature (Table 15). The bulk moduli for
TaO2F and ScF3, calculated from the low temperature–high pressure experiments at HFIR,
were plotted with respect to temperature and are presented in Figure 47.
4.4 Discussion
The effects of pressure on the coefficient of thermal expansion for ScF3 are negligible across
the temperature–pressure ranges examined. At ambient pressure, the average volumetric
CTE for cubic ScF3 is -29(1) ppm·K−1; at 0.2 GPa the CTE is -28(2) ppm·K−1. The CTE
at 0.3 GPa is -21.9 ppm·K−1; however, this CTE was calculated from only two available
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Figure 42: Rietveld fit of the primitive rhombohedral (R3̄c) structural model to the 60 K,
0.3 GPa diffraction pattern for TaO2F-A collected using TOF neutron diffraction at IPNS.
Figure 43: Rietveld fit of the cubic (Pm3̄m) structural model to the ambient diffraction
pattern collected for TaO2F-A using TOF neutron diffraction at IPNS.
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Figure 44: Rietveld fit of the cubic (Pm3̄m) model to the 60 K, 0.3 GPa diffraction pattern
for TaO2F-A collected using TOF neutron diffraction at IPNS.
Figure 45: Log of unit cell volume per formula unit for ScF3, plotted with respect to
temperature at 0.007 GPa (blue ), 0.103 GPa (purple 5), 0.207 GPa (green 4), and
0.310 GPa (black 3) from data collected at HFIR. The dashed red lines are straight line
fits used to estimate average volumetric CTEs. The three data points that do not fall on
the straight line fits are for rhombohedral ScF3.
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Table 15: Average volumetric coefficients of thermal expansion for ScF3 at pressure and
average bulk modulus (K) at temperature. ∗∗The CTE at 0.310 GPa and the bulk modulus
at 50 K were calculated from straight line fits to only two available data points for the cubic
phase.










data points, which may account for the difference between the CTEs observed at lower
pressures.
In contrast, application of modest pressure has a dramatic effect on the CTE of TaO2F
between 40 and 280 K. At ambient pressure, the average volumetric CTE for TaO2F-
A is 1.4(4) ppm·K−1; application of only 0.1 GPa results in an increase of the CTE to
7.6(9) ppm·K−1. Increasing the pressure to 0.3 GPa results in the CTE increasing to
32(3) ppm·K−1. The CTE of TaO2-F-B also increases in a similar manner under increased
pressure. This behavior is remarkably different from not only ScF3, but also that observed
for the negative thermal expansion materials Zn(CN)2 [76] and Zr2(WO4)(PO4)2 [77]. At
higher temperatures, between 298 to 523 K, the effects of pressure on the CTE of TaO2F are
less pronounced; the average volumetric CTE for TaO2F-B at ambient pressure is -0.6(4)
ppm·K−1, and application of 0.27 GPa results in the CTE increasing to 5.4(3) ppm·K−1.
A pressure induced phase transition from cubic (Pm3̄m) to rhombohedral (R3̄c) sym-
metry is observed for both ScF3 and TaO2F. The transition for ScF3 occurs between 0.207–
0.310 GPa when cooled to 100 K, and between 0.103–0.207 GPa when cooled to 50 K.
The time of flight diffraction data collected at IPNS for TaO2F-A provides evidence that
TaO2F-A is rhombohdral at 0.310 GPa when cooled to 60 K, however there is not sufficient
data to determine the phase transition temperature as the data collected on HB2A is too
low in quality to see where the transition occured.
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The rhombohedral (R3̄c) structure arises from cooperative rotation (a−a−a− in Glazer
notation) of the MX 6 (M = Ta, Sc; X = O, F) octahedra.[61] The degree of octahedral
rotation, ψ, can be calculated using the equation:





where x referes to the position of a given anion, (x, 0, 14), in the hexagonal unit cell. The
octahedral tilt angles were calculated for ScF3 at 0.310 GPa at 50 K and for TaO2F-A
at 0.310 GPa, 60 K (from the IPNS data) and are 9.9◦ and 4.4◦, respectively. The phase
transition from cubic to rhombohedral symmetry involves cooperative tilting of the MX 6 (M
= Sc, Ta; X = O, F) octahedra; in the case of TaO2F, the anion disorder may hinder this
rotation contributing to the gradual reduction in unit cell volume upon cooling/compression.
As indicated in the plot of the bulk modulus versus temperature in Figure 47, the com-
pressibility of ScF3 remains essentially constant as the temperature is changed. TaO2F-A,
however, stiffens upon heating between ≈150–300 K with dKTdT = 0.155(6) GPa/K. Between
298 and 523 K, dKTdT = 0.078(7) GPa/K for TaO2F-B. The positive value for
dKT
dT results
in the CTE becoming more positive under compression and is in contrast to the behavior
observed in most materials.
For both samples of TaO2F, the CTE increases under compression and the bulk modulus
increases on heating. However, the behavior of the two samples of TaO2F (Table 13) is
quantitatively different. As the same experimental setup was used for both materials, it is
unlikely that these differences arise from experimental error. In Chapter 3 it was observed
that digestion of TiO2 in HF resulted in a titanium hydroxyoxyfluoride with Ti vacancies
rather than TiOF2. TaO2F-A was prepared via digestion of Ta2O5 in HF, however IR
spectra collected for this material do not support the presence of hydroxyl groups. The
Ta site occupancies were refined during the Rietveld analyses of the ambient temperature-
pressure TOF neutron diffraction pattern and the ambient diffraction pattern collected on
a laboratory PXRD; refinement of the site occupancy for Ta does not indicate the presence
of Ta vacanices in this material. There are several known metal hydroxyfluorides in the
literature, however, most are formed with a low valence metal (i.e. Zn, Al, Fe, Ti); a
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literature search failed to yield any examples of a metal hydroxyfluoride being formed from
a higher valence metal such at Ta5+. Coupling these observations with the fact that Ta5+
is more acidic than Ti4+[80], which results in Ta5+ being more likely to lose the proton of
a hydroxyl group and thus being stabilized by the oxide, suggests that the HF digestion
synthesis of high valent metals is likely to produce an oxyfluoride free of hydroxyl groups.
A more probable explaination for the differences between TaO2F-A and TaO2F-B is that
they have different disordered local structures arising from their different thermal histories.
The highest temperature experienced by TaO2F-A was 453 K during synthesis, after which
it was slowly cooled to room temperature. Synthesis of TaO2F-B required heating to 483 K
and it was quenched to room temperature. Such differences in thermal history could result
in changes in the local structure, and impact the material’s properties.
The bulk moduli for TaO2F and ScF3 calculated at 280 K are slightly lower than re-
ported in previous high pressure studies. In the case of ScF3, the bulk modulus at 280 K
was estimated to be 52.0(7) GPa, however the bulk modulus for ScF3 as determined from
diamond anvil cell diffraction experiments is 57(3) GPa (Chapter 2). At 280 K the bulk
modulus for TaO2F-A and TaO2F-B are 53(1) and 44(1) GPa, respectively. A previous high
pressure study of a sample prepared in a similar fashion to TaO2F-A using diamond anvil
cells reported a bulk modulus of 60(1) GPa.[45] One possible reason for the differences may
be pressure calibration errors; in the case of TaO2F, the thermal history of the sample must
also be taken into account.
The unusual behavior observed for TaO2F under pressure may be related to the disor-
dered local structure in this material. During the cubic to rhombohedral phase transition
that was observed for ScF3, there was a pronounced volume change between the two phases.
However, for TaO2F the change in unit cell volume upon cooling/compression was vary
gradual; this may arise from the disorder of the local structure hindering the cooperative
rotation of the octahedra as part of the phase transition.
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4.5 Conclusions
Scandium trifluoride, ScF3, and tantalum oxyfluoride, TaO2F, are both framework mate-
rials that adopt the cubic ReO3 structure under ambient conditions. Cubic ScF3 exhibits
strong negative thermal expansion at both ambient and high pressures. An abrupt cubic
to rhombohedral phase transition is observed between 0.207 and 0.310 GPa when cooled to
100 K, and between 0.103 and 0.207 GPa when cooled to 50 K.
At ambient pressure, TaO2F shows close to ’zero’ thermal expansion. Application of
modest pressure, however, resulted in the CTE becoming more positive; application of 0.310
GPa results in the average volumetric CTE becoming 32.0 ppm·K−1 between 40 to 280 K.
At higher temperatures, the effects of pressure upon the CTE are much less pronounced
but still result in the CTE increasing. This effect is in contrast to what is observed in most
materials and is associated with a cubic to rhombohedral phase transition that occurs under
pressure at low temperatures. The local structural disorder in this material likely impacts
the route by which the phase transition occurs, resulting in the unusual effects that are
observed.
The use of TaO2F in any application where it might experience stress would be hindered
by the effects of pressure on the CTE of this material. The attempt by Holzer et al. to
make a mixed metal matrix composite with ZrW2O8 showed that pressures of at least ≈220




Table 16: Unit cell parameters from variable temperature–pressure neutron diffraction
experiments on TaO2F-A at HFIR.
40 K a (Å) Vol. (Å3)
0.007 GPa 3.8777(2) 58.306(5)
0.103 GPa 3.8737(2) 58.128(5)
0.207 GPa 3.8687(2) 57.901(6)
0.310 GPa 3.8622(3) 57.612(7)
80 K a (Å) Vol. (Å3)
0.007 GPa 3.8780(2) 58.311(5)
0.207 GPa 3.8697(2) 57.946(5)
0.310 GPa 3.8634(4) 57.622(9)
120 K a (Å) Vol. (Å3)
0.007 GPa 3.8778(2) 58.313(5)
0.103 GPa 3.8748(2) 58.177(5)
0.207 GPa 3.8709(2) 57.999(5)
0.310 GPa 3.8652(2) 57.744(6)
160 K a (Å) Vol. (Å3)
0.007 GPa 3.8780(2) 58.323(5)
0.103 GPa 3.8753(2) 58.200(5)
0.207 GPa 3.8718(2) 58.040(5)
0.310 GPa 3.8673(3) 57.840(8)
200 K a (Å) Vol. (Å3)
0.007 GPa 3.8780(2) 58.323(5)
0.103 GPa 3.8757(2) 58.217(5)
0.207 GPa 3.8726(2) 58.076(5)
0.310 GPa 3.8692(2) 57.923(5)
240 K a (Å) Vol. (Å3)
0.007 GPa 3.8782(2) 58.328(5)
0.103 GPa 3.8759(2) 58.227(5)
0.207 GPa 3.8732(2) 58.105(5)
0.310 GPa 3.8703(2) 57.972(5)
280 K a (Å) Vol. (Å3)
0.007 GPa 3.8780(2) 58.321(5)
0.103 GPa 3.8761(2) 58.233(5)
0.207 GPa 3.8735(2) 58.119(5)
0.310 GPa 3.8711(2) 58.008(5)
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Table 17: Unit cell parameters for TaO2F-B from Rietveld analyses of low temperature–
high pressure neutron diffraction data collected on beamline HB2A at the HFIR
40 K a (Å) Vol. (Å3)
0.008 GPa 3.8964(1) 59.156(4)
0.104 GPa 3.8925(1) 58.978(4)
0.207 GPa 3.8871(1) 58.732(4)
0.310 GPa 3.8803(1) 58.426(6)
60 K a (Å) Vol. (Å3)
0.008 GPa 3.8966(1) 59.164(4)
0.104 GPa 3.8925(2) 58.979(4)
0.207 GPa 3.8874(2) 58.745(5)
0.311 GPa 3.8809(2) 58.451(6)
80 K a (Å) Vol. (Å3)
0.008 GPa 3.8965(2) 59.158(4)
0.104 GPa 3.8927(2) 58.988(4)
0.207 GPa 3.8879(2) 58.767(4)
0.311 GPa 3.8817(2) 58.490(5)
100 K a (Å) Vol. (Å3)
0.007 GPa 3.8965(2) 59.158(4)
0.104 GPa 3.8927(2) 58.987(4)
0.207 GPa 3.8881(2) 58.779(4)
0.311 GPa 3.8822(2) 58.510(5)
120 K a (Å) Vol. (Å3)
0.007 GPa 3.8964(2) 59.156(4)
0.104 GPa 3.8927(2) 58.994(4)
0.207 GPa 3.8884(2) 58.792(4)
0.310 GPa 3.8831(2) 58.551(5)
160 K a (Å) Vol. (Å3)
0.007 GPa 3.8965(2) 59.159(4)
0.104 GPa 3.8931(2) 59.005(4)
0.207 GPa 3.8891(2) 58.825(4)
0.310 GPa 3.8847(2) 58.622(5)
200 K a (Å) Vol. (Å3)
0.007 GPa 3.8962(2) 59.144(4)
0.104 GPa 3.8931(2) 59.007(4)
0.207 GPa 3.8896(2) 58.845(4)
0.311 GPa 3.8856(2) 58.666(5)
240 K a (Å) Vol. (Å3)
0.007 GPa 3.8960(2) 59.136(4)
0.103 GPa 3.8932(2) 59.010(4)
0.207 GPa 3.8901(2) 58.867(4)
0.310 GPa 3.8866(2) 58.710(5)
280 K a (Å) Vol. (Å3)
0.007 GPa 3.8961(2) 59.140(4)
0.103 GPa 3.8933(2) 59.015(4)
0.207 GPa 3.8902(2) 58.873(4)
0.310 GPa 3.8871(2) 58.732(5)
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Table 18: Unit cell parameters for TaO2F-B extracted from Rietveld analyses of the high
temperature–high pressure diffraction data collected on beamline 11-ID-B of the APS
0.008 GPa a (Å) Vol. (Å3)
323 K 3.8932(2) 59.009(8)
348 K 3.8931(2) 59.005(9)
373 K 3.8933(2) 59.014(7)
398 K 3.8929(2) 58.994(8)
423 K 3.8931(2) 59.005(7)
473 K 3.8931(2) 59.005(7)
523 K 3.8931(2) 59.005(8)
0.040 GPa a (Å) Vol. (Å3)
298 K 3.8924(1) 58.972(7)
323 K 3.8926(2) 58.981(8)
348 K 3.8923(2) 58.968(8)
373 K 3.8926(2) 58.984(8)
398 K 3.8923(2) 58.970(8)
423 K 3.8928(2) 58.990(8)
473 K 3.8927(2) 58.986(7)
523 K 3.8926(2) 58.982(8)
0.080 GPa a (Å) Vol. (Å3)
298 K 3.8919(1) 58.949(7)
323 K 3.8918(2) 58.946(7)
348 K 3.8917(2) 58.942(7)
373 K 3.8920(2) 58.954(7)
398 K 3.8917(2) 58.940(7)
423 K 3.8920(2) 58.953(7)
473 K 3.8920(2) 58.953(7)
523 K 3.8920(2) 58.954(7)
0.120 GPa a (Å) Vol. (Å3)
298 K 3.8910(1) 58.907(6)
323 K 3.8912(2) 58.918(6)
348 K 3.8908(2) 58.901(8)
373 K 3.8912(2) 58.920(7)
398 K 3.8909(2) 58.906(7)
423 K 3.8913(2) 58.922(7)
473 K 3.8913(2) 58.925(7)
523 K 3.8914(2) 58.926(7)
0.160 GPa a (Å) Vol. (Å3)
298 K 3.8902(1) 58.874(7)
323 K 3.8903(2) 58.877(7)
348 K 3.8901(2) 58.871(7)
373 K 3.8905(2) 58.887(7)
398 K 3.8902(2) 58.874(7)
423 K 3.8907(2) 58.894(7)
473 K 3.8907(2) 58.895(7)
523 K 3.8906(2) 58.890(7)
0.200 GPa a (Å) Vol. (Å3)
298 K 3.8894(1) 58.836(7)
323 K 3.8896(2) 58.845(7)
348 K 3.8893(2) 58.834(7)
373 K 3.8898(2) 58.857(7)
398 K 3.8894(2) 58.835(7)
423 K 3.8899(2) 58.859(7)
473 K 3.8899(2) 58.861(7)
523 K 3.8899(2) 58.859(7)
0.240 GPa a (Å) Vol. (Å3)
298 K 3.8886(1) 58.807(6)
323 K 3.8887(2) 58.805(7)
348 K 3.8886(2) 58.798(7)
373 K 3.8891(2) 58.823(7)
398 K 3.8887(1) 58.805(7)
423 K 3.8892(1) 58.829(7)
473 K 3.8894(2) 58.834(7)
523 K 3.8892(2) 58.826(7)
0.270 GPa a (Å) Vol. (Å3)
298 K 3.8880(1) 58.771(7)
323 K 3.8882(2) 58.780(7)
348 K 3.8880(2) 58.774(7)
373 K 3.8886(1) 58.798(7)
398 K 3.8882(1) 58.812(7)
423 K 3.8888(1) 58.810(7)
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Figure 46: Log of unit cell volume per formula unit (V/Z) for ScF3, plotted with respect
to pressure at 280 K (black 3), 150 K (green 4), 100 K (purple 5), and 50 K (blue )
from data collected at HFIR. The dashed red lines are straight line fits used to estimate
the average bulk modulus. The data points at 50 K above 0.2 GPa and at 100 K above 0.3
GPa correspond to the rhombohedral unit cell
Table 19: Unit cell parameters from variable temperature–pressure neutron diffraction
experiments for ScF3
50 K a (Å) c (Å) Vol. (Å3)
0.007 GPa 4.02140(2) 65.033(5)
0.103 GPa 4.01850(2) 64.892(5)
0.207 GPa 5.63928(7) 13.90581(2) 382.35(5)
0.310 GPa 5.59350(1) 13.85936(3) 375.67(5)
100 K a (Å) c (Å) Vol. (Å3)
0.007 GPa 4.01910(2) 64.921(5)
0.103 GPa 4.10641(2) 64.791(5)
0.207 GPa 4.01641(2) 64.649(5)
0.310 GPa 5.61213(1) 13.85414(3) 378.165(5)
150 K a (Å) Vol. (Å3)
0.007 GPa 4.01779(2) 64.858(5)
0.103 GPa 4.01491(2) 64.718(5)
0.207 GPa 4.01207(2) 64.581(5)
0.310 GPa 4.00841(3) 64.405(8)
280 K a (Å) Vol. (Å3)
0.007 GPa 4.01235(2) 64.595(5)
0.103 GPa 4.00972(2) 64.467(5)
0.207 GPa 4.00696(2) 64.334(5)
0.310 GPa 4.00462(3) 64.222(6)
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Figure 47: The average bulk modulus for TaO2F-A (red 3), TaO2F-B (black ◦), and ScF3
(blue ) plotted with respect to temperature.
Figure 48: Rietveld fit to the 280 K, ambient pressure diffraction pattern collected for ScF3.




LOCAL STRUCTURE OF TaO2F AND TiOF2
5.1 Introduction
The cubic ReO3 structure is commonly used as an illustrative example of how negative ther-
mal expansion (NTE) might arise from the transverse thermal motion of bridging moieties
and the coupled rotation of rigid units; in Chapter 2, the pronounced thermal expansion
of ScF3, which adopts the ReO3 structure type, was discussed and highlights how mate-
rials with this structure type may exhibit NTE. In addition to ScF3, other materials are
known to adopt the cubic ReO3 structure type. Tantalum oxyfluoride, TaO2F, has a cubic
ReO3 type structure at room temperature and has been shown to exhibit zero thermal
expansion.[35] Titanium oxyfluoride, TiOF2, has been previously reported to adopt the cu-
bic ReO3 structure type, but a recent study by Shian et al. showed that this material adopts
a rhombohedrally distorted variant of the ReO3 structure at room temperature while main-
taining ReO3 type connectivity;[27, 67, 69] in Chapter 3, the thermal expansion of TiOF2
was examined and it was found to exhibit positive thermal expansion at all temperatures.
In both of these oxyfluorides, there is a disordered distribution of O and F over the available
anion positions.
The long-range average structures for TaO2F and TiOF2 are very simple and have a
statistical distribution of oxygen and fluorine atoms over the available anion sites. However,
O and F are chemically different from one another; therefore it is expected that they would
prefer different bond lengths as the stronger M–O bond should be shorter than the M–F
bond. The local, short range structure (on the nanoscale) of TaO2F and TiOF2 should be
quite different from the average structure due to the different bonding requirements. In a
recent electron diffraction study of NbO2F, Brink reported that there was one-dimensional
ordering of the O and F with unequal Nb–X (X = O, F) bond lengths and significant
static displacements of Nb from the ideal cation site.[81] Based on a variable temperature
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neutron diffraction study of TaO2F, Tao reported large transverse atomic displacement
parameters (ADPs) for the anions that persisted at low temperatures; they speculated that
these large ADPs likely arise from static tilting of the TaO4F2 octahedra and the possibility
of non-linear Ta–(O/F)–Ta links.[35]
Diffraction patterns of crystalline materials possess sharp Bragg reflections arising from
the long-range order; analysis of these reflections allows determination of the average crystal
structure. Diffraction patterns also contain diffuse scattering, which is not used in Rietveld
type analyses of diffraction data. The diffuse scattering portion of a diffraction pattern
contains information regarding the local structure of materials. Using the ’total scattering’
approach, it is possible to use both the Bragg and diffuse scattering portions of a diffraction
pattern simultaneously to compute atomic pair distribution functions (PDFs).
The atomic PDF, G(r), is defined as:
G(r) = 4πr[ρ(r)− ρ0] (9)
where ρ0 is the average number density, ρ(r) is the atomic pair-density, and r is a radial
distance.[82] The PDF, G(r), gives information about the number of atoms in a spherical
shell at a distance r from a reference atom. The PDF is obtained from neutron or X-





Q[S(Q)− 1]sin(Qr) dQ (10)
where S(Q) is the total scattering structure function and is derived from the measured









where Icoh.(Q) is the measured coherent scattering intensity from a powdered sample (which
has been corrected for background and other experimental artifacts and normalized by the
flux and the number of atoms in the sample), ci is the atomic concentration, and fi are







The atomic PDF is a probability distribution function in real space which gives the
probability of finding pairs of atoms in the material separated by a distance, r. The peak
positions in the PDF correspond to bond lengths between atoms, the peak integrated in-
tensity provides information about coordination number, and the peak width is related to
thermal or static disorder in the system. As the PDFs from total scattering experiments
contain information concerning both the local structure and the long range ordering in a
material, they are an ideal tool for studying disordered crystalline materials such as the
oxyfluorides TiOF2 and TaO2F.
Growing interest in the study of disordered materials has resulted in the development of
dedicated high energy X-ray diffraction beamlines (necessary to provide diffraction data to
high values of Q), advancements in software for PDF extraction and modeling, and advances
in the instrumentation for rapid acquisition of total scattering data.[83] Historically, the
collection of diffraction data to the high values of Q required for PDF analysis took a
long time; it is now possible to obtain high-quality PDFs with only a few seconds of data
collection.[83] The ability to rapidly acquire data makes it possible to readily examine the
local structure changes in response to external stimuli such as temperature or pressure.
ScF3 and TaO2F both adopt the cubic ReO3 structure type, but their thermal expan-
sion properties are different.[33, 35] The differences in their behavior may be related to
the disordered local structure of TaO2F. In the following, the local structures of TaO2F




TaO2F had been prepared previously
1 by dissolving Ta2O5 (STREM Chemicals, 99.8%
metals basis) in a Pt crucible with concentrated HF (Mallinckrodt, 48%) followed by slow
evaporation to dryness. The remaining powder was transferred to a Teflon container and
heated at 453 K for 10 hours.
1This sample was prepared by Mehmet Cetnikol.
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TiOF2 was prepared by heating TiO2 (anatase, STREM Chemicals, 99% metals basis)
with TiF4 (Alfa Aesar, 98% metals basis). The starting reagents (including 15% excess
TiF4 over that required by stoichiometry) were combined in an argon-filled glove box using
a mortar and pestle. The reaction mixture was sealed inside a copper tube fitted with brass
Swagelok compression fittings to create an air-tight vessel. The mixture was heated at 493
K for 18 hours followed by quenching in water to room temperature.
5.2.2 Total Scattering Data Collection
Variable temperature total scattering diffraction data for TaO2F were collected on beamline
1-ID-C of the Advanced Photon Source (APS), Argonne National Laboratory using high
energy X-rays (λ=0.18505 Å); temperature control was provided using an Oxford Cryosys-
tems Cryostream. Diffraction data were collected for TiOF2 on beamline 11-ID-B of the
APS using high energy X-rays (λ=0.21280 Å)2. The two dimensional diffraction images
were recorded on a GE amorphous Si detector with the samples held in Kapton capillaries.
Ceria (CeO2, NIST 674a) was used as a calibrant for sample-to-detector distance, detector
tilt angle, detector tilt plane rotation angle, and beam center. A scattering pattern was
recorded from an empty Kapton capillary to be used for background subtraction.
5.2.3 Diffraction Data Processing
The two dimensional diffraction patterns were integrated using the program Fit2D.[50]
Pair distribution functions were calculated from the diffraction patterns using the program
PDFgetX2.[84] Standard corrections, including background subtraction, sample absorp-
tion, and empirical energy dependence of the detection efficiency, were performed within
PDFgetX2 prior to PDF extraction.
5.3 Results
5.3.1 Titanium Oxyfluoride
Different structural models were fit to the pair distribution function for cubic TiOF2 col-
lected at 500 K using the program PDFgui.[85] As seen in Figure 49, the cubic (Pm3̄m)
2The total scattering diffraction data for both TaO2F and TiOF2 were collected by Dr. Karena W.
Chapman of the Advanced Photon Source, Argonne National Laboratory.
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structural model, which was used in the Rietveld analysis of the cubic TiOF2 diffraction
data, is not appropriate to describe the local structure of this material as it does not account
for differing Ti–X (X= O, F) bond lengths. To examine the local structure of TiOF2 while
accounting for differing Ti–X bond lengths, two different tetragonal (P4/mmm) models,
derived from those used in a previous DFT study of TiOF2[63], were explored over a lim-
ited range (r = 1.2 to 10 Å). In the first tetragonal model (Figure 50, Table 20) the oxygen
atoms are all confined to the equatorial (a − b) plane (Supplemental Information, Figure
62); the second tetragonal model (Figure 51, Table 21) has the oxygen atoms out of this
plane (Supplemental Information, Figure 63).
Table 20: The final atomic positions in the tetragonal cell with the oxygen atoms in the
a − b plane used to fit the low r portion of the PDF for cubic TiOF2. The refined lattice
constants for the model were: a=b=7.510(9) Åand c=3.921(1) Å.
Atom x y z
Ti 0.7598(6) 0.7598(6) 0.0
Ti 0.2402(6) 0.2402(6) 0.0
Ti 0.2402(6) 0.7598(6) 0.0
Ti 0.7598(6) 0.2402(6) 0.0
O 0.0 0.76(3) 0.0
O 0.0 0.24(3) 0.0
O 0.24(3) 0.0 0.0
O 0.76(3) 0.0 0.0
F 0.5 0.748(6) 0.0
F 0.5 0.252(6) 0.0
F 0.252(6) 0.5 0.0
F 0.748(6) 0.5 0.0
F 0.762(3) 0.762(3) 0.5
F 0.238(3) 0.238(3) 0.5
F 0.238(3) 0.762(3) 0.5
F 0.762(3) 0.238(3) 0.5
During the fit of the tetragonal models to the PDF, unit cell constants, scale factor,
atomic correlation factor3, atom positions within the unit cell, and isotropic atomic dis-
placement parameters for each unique atom were refined. The tetragonal model with the
oxygen atoms out of the (a− b) plane resulted in a slightly better fit (RW=0.170) than the
model where oxygens were in the equatorial a − b plane (RW=0.206), however this model
3The atomic correlation factor is the coefficient for the 1/r or 1/r2 contribution to the peak sharpening.[85]
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resulted in a shorter than expected Ti–F bond length of 1.807 Å. After a minimum in RW
was observed during refinement of this model with the oxygens out of the a− b plane, the
oxygen atoms were placed back into the a − b plane and the refinement was performed
again; this resulted in an even lower RW of 0.164 (Figure 52). The final structural model
and structural drawings of the tetragonal models are presented in Supplemental Informa-
tion. The Ti–(O/F)–Ti bond lengths and Ti–Ti separations in each model were calculated
within PDFgui[85], and the Ti–X–Ti bond angles were calculated from these lengths (Table
22).
5.3.2 TaO2F
The cubic Pm3̄m structural model was fit to the 80 K PDF of TaO2F using the program
PDFgui.[85] As seen in Figure 53, this model is in good agreement with the data at high
r values (>≈9 Å); however, the cubic model is not appropriate for describing the local
structure of TaO2F because of the differing Ta–F and Ta–O bond lengths. A model for the
local structure was constructed using a 3x3x3 supercell.4
The starting supercell was formed from the cubic Pm3̄m structural model. The O and
F atoms were distributed over the available anion positions to produce TaO4F2 octahedra.
Using a computer spreadsheet, a displacement parameter was added to each of the Ta
atomic positions such that Ta was displaced towards the oxygen atoms resulting in shorter
Ta–O and longer Ta–F bonds. After each variation of the displacement parameter, the
model was checked against the PDF using the program PDFgui until a minimum in RW
was observed.[85] Once the minimum RW was observed from the Ta displacements, the
new Ta atomic coordinates were kept fixed and the oxygen and fluorine atomic positions
were displaced perpendicular to the Ta–X–Ta axis by addition of a displacement parameter.
After each variation of the parameter, the model was checked against the experimentally
derived PDF in PDFgui until a minimum in RW was observed. As seen in Figure 54, the
resulting model is in good agreement with the experimental PDF (r = 1.2–10 Å) for TaO2F.
The Ta–X–Ta bond angles and Ta–X bond lengths from the fit are presented in Table 23
4The initial 3x3x3 supercell used to model the local structure of TaO2F was constructed by Mehmet
Cetnikol with the help of Dr. Karena W. Chapman of the APS, Argonne National Lab.
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Table 21: The final atomic positions in the tetragonal cell with the oxygen atoms out of
the a−b plane used to fit the low r portion of the PDF for cubic TiOF2. The refined lattice
constants for this model were: a=b=7.521(2) Åand c=3.905(2) Å.
Atom x y z
Ti 0.760(1) 0.760(1) 0.0
Ti 0.240(1) 0.240(1) 0.0
Ti 0.240(1) 0.760(1) 0.0
Ti 0.760(1) 0.240(1) 0.0
O 0.769(3) 0.769(3) 0.5
O 0.231(3) 0.231(3) 0.5
O 0.231(3) 0.769(3) 0.5
O 0.769(3) 0.231(3) 0.5
F 0.0 0.76(1) 0.0
F 0.0 0.24(1) 0.0
F 0.24(1) 0.0 0.0
F 0.76(1) 0.0 0.0
F 0.5 0.74(2) 0.0
F 0.5 0.26(2) 0.0
F 0.26(2) 0.5 0.0
F 0.74(2) 0.5 0.0
Table 22: Ti–X–Ti (X= O, F) bond angles, Ti–X bond lengths, and Ti–Ti bond lengths
calculated from tetragonal model fits to the low r (1.2–10 Å) range of the PDF for cubic
TiOF2 at 500 K. Model 1 places the oxygen atoms in the equatorial a− b plane, and Model
2 places the oxygen atoms out of the a− b plane. ∗Ti–F–Ti out of the a− b plane; ∗∗ with
the oxygen atoms placed back into the a− b plane after a minimum in RW was observed in
model 2.
Model 1
Link Angle Ti–X Å Ti–Ti Å
Ti–O–Ti 180.0◦ 1.804(7) 3.61(1)
Ti–F–Ti 174.7◦ 1.953(9) 3.90(1)
Ti–F–Ti∗ 180.0◦ 1.961(6) 3.92(1)
Model 2
Link Angle Ti–X Å Ti–Ti Å
Ti–O–Ti 177.4◦ 1.953(9) 3.91(1)
Ti–F–Ti 170.0◦ 1.961(6) 3.91(1)
Ti–F–Ti 180.0◦ 1.807(7) 3.61(1)
Model 2∗∗
Link Angle Ti–X Å Ti–Ti Å
Ti–O–Ti 177.3◦ 1.805(8) 3.61(1)
Ti–F–Ti 172.2◦ 1.956(7) 3.90(1)
Ti–F–Ti∗ 176.3◦ 1.958(7) 3.91(1)
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Figure 49: Fit of the cubic Pm3̄m model (red –) to the 500 K PDF (blue ◦) to the X-ray
PDF for TiOF2. The green (–) is the difference curve between the fit and the data.
Figure 50: Fit of a tetragonal model (red –) with the oxygen atoms in the equatorial a− b
plane to the low r portion of the PDF (blue ◦) of cubic TiOF2 (at 500 K). The green (–) is
the difference curve between the fit and the data.
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Figure 51: Fit of a tetragonal model (red –) with the oxygen atoms out of the a− b plane
to the low r portion of the PDF (blue ◦) of cubic TiOF2 (at 500 K). The green (–) is the
difference curve between the fit and the data.
Figure 52: Fit of a tetragonal model (red –) to the low r portion of the PDF (blue ◦) of
cubic TiOF2 (at 500 K). The initial refinement of this model placed the oxygen atoms out
of the a− b plane and once a minimum in RW was observed they were placed back into the
a− b plane for further refinement. The green (–) is the difference curve between the fit and
the data.
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and a layer of the atom positions on the (0 0 1) plane is presented in Figure 55. The final
structural model is provided in Supplemental Information.
Table 23: Ta–X–Ta (X= O, F) bond angles and Ta–X bond lengths from the fit of a 3x3x3
supercell to the low r (1.2–10 Å) portion of the 80 K PDF of TaO2F. There are no ESDs
on the values as the model was optimized by hand.
Link Angle Ta–X Å Ta–Ta Å
Ta–F–Ta 174.0◦ 2.0501 4.0946
Ta–F–Ta 168.0◦ 2.0586 4.0946
Ta–F–Ta 173.3◦ 2.0617 4.1073
Ta–F–Ta 175.8◦ 2.0698 4.1200
Ta–O–Ta 180.0◦ 1.8858 3.7716
Ta–O–Ta 167.0◦ 1.8980 3.7716
Ta–O–Ta 173.5◦ 1.8888 3.7716
In order to examine the expansion of the average structure of TaO2F, the cubic Pm3̄m
structural model was fit to the high r (r = 10–30 Å) region of the variable temperature PDFs
(Supplemental Information, Figure 64) and the cubic lattice constants were extracted; the
average linear CTE was estimated to be 0.75(5) ppm·K−1 from a straight line fit through the
ln(a) versus temperature data (Supplemental Information, Figure 65). In order to examine
the changes in the local structure of TaO2F in response to temperature, a Gaussian was
fit to the Ta–O–Ta and Ta–F–Ta peaks in the PDF. A script was written that allowed for
automated peak fitting so that each fit was done in a consistent manner. The Ta–F–Ta peak
has a broad shoulder arising from the Ta–X bond across the face diagonal. During the fit
of the Ta–F–Ta peak, the fit range was fixed at 4.0–4.25 Å, which truncated the right side
of the peak. To ensure that the estimated changes in peak position were real, and not a
result of artifacts from the Fourier transform used to obtain the PDFs, the peaks were fit
to PDFs obtained using two different Qmax (Qmax = 25 and 25.9 Å
−1) and to PDFs that
had been smoothed by averaging over 2π/Qmax. The distances estimated by this approach
are shown in Figures 56–61. The average coefficients of thermal expansion of the Ta–X–Ta
links were calculated using the 80 K and 440 K distances and are presented in Table 24.
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Figure 53: Fit of the cubic Pm3̄m model (red –) to the 80 K PDF (blue ◦) of TaO2F. The
green (–) is the difference curve between the fit and the data.
Figure 54: Fit of a 3x3x3 supercell with bent Ta–F–Ta links (red –) to the low r portion
of the PDF (blue ◦) of TaO2F at 80 K. The green (–) is the difference curve between the
fit and the data.
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Figure 55: View of the atom positions on the (0 0 1) plane in the 3x3x3 supercell used
to model the local structure of TaO2F. The blue spheres represent Ta, the green spheres
represent F, and the red spheres represent O.
Figure 56: The Ta–O–Ta separation in TaO2F as a function of temperature. The inter-
atomic separation was determined from a Gaussian fit to the peak in the atomic PDF.
The Qmax used was 25.9 Å
−1. The average linear coefficient of thermal expansion is -2.1
ppm·K−1.
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Figure 57: The Ta–O–Ta separation in TaO2F as a function of temperature. The inter-
atomic separation was determined from a Gaussian fit to the peak in the atomic PDF.
The Qmax used was 25.0 Å
−1. The average linear coefficient of thermal expansion is -2.2
ppm·K−1.
Figure 58: The Ta–O–Ta separation in TaO2F as a function of temperature. The inter-
atomic separation was determined from a Gaussian fit to the peak in the atomic PDF. The
Qmax used was 25.9 Å
−1 and the PDF was smoothed by averaging over 2π/Qmax. The
average linear coefficient of thermal expansion is -1.5 ppm·K−1.
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Figure 59: The Ta–F–Ta separation in TaO2F as a function of temperature. The inter-
atomic separation was determined from a Gaussian fit to the peak in the atomic PDF. The
Qmax used was 25.9 Å
−1 and the PDF was smoothed by averaging over 2π/Qmax. The
average linear coefficient of thermal expansion is 8.7 ppm·K−1.
Figure 60: The Ta–F–Ta separation in TaO2F as a function of temperature. The inter-
atomic separation was determined from a Gaussian fit to the peak in the atomic PDF.
The Qmax used was 25.9 Å
−1. The average linear coefficient of thermal expansion is 7.0
ppm·K−1.
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Table 24: The average linear coefficients of thermal expansion of the Ta–X–Ta (X= O,F)
links in TaO2F. Qmax is the value used in the calculation of PDFs from the total scattering
data. The average linear CTE for TaO2F, calculated from fits to the long range (r = 10–30




Ta–O–Ta 25.9, smoothed -1.5(2)
Ta–O–Ta 25.0 -2.2(3)
Ta–F–Ta 25.9 7.0(3)




While both TaO2F and TiOF2 have simple average structures, the local structure of both of
these materials is more complex. Analysis of the atomic pair distribution functions, which
were calculated from X-ray total scattering experiments, indicates the presence of differing
M–X–M (M = Ta, Ti; X = O, F) links in both of these materials. While the models
for the local structures of TiOF2 and TaO2F were quite different, they both resulted in
good fits to the low r portion of the PDFs and suggest the presence of non-linear M–X–M
linkages.
In order for negative thermal expansion to arise in framework materials comprised of
corner sharing octahedra, the M–X–M linkages should be close to linear. When the links
are linear (or close to linear), the transverse thermal motion of the bridging moiety across
the M–M axis can bring the metal atoms closer together. When the links are significantly
bent, the transverse thermal motion of the bridging moiety can result in the metal atoms
being pushed further apart resulting in positive thermal expansion.
An simple analysis of the variable temperature total scattering data for TaO2F indicates
that the Ta–O–Ta linkage contracts on heating, while the Ta–F–Ta linkage expands on
heating (see Figures 56–61). One possible explanation for this material exhibiting close to
zero thermal expansion, rather than NTE, is that the contraction of the Ta–O–Ta linkages
is offset by the expansion of the Ta–F–Ta linkages. The expansion of the Ta–F–Ta links
may arise from an elongation of the Ta–F bond, or it may arise if the Ta–F–Ta links are
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significantly bent and the transverse thermal motion of the F atom results in the Ta–Ta
separation increasing.
The average CTEs for the Ta–X–Ta links are provided in Table 24; the CTEs calculated
from the PDFs that were extracted using a Qmax of 25 Å
−1 were -2.2 ppm·K−1 and 3.1
ppm·K−1 for Ta–O–Ta and Ta–F–Ta, respsectively. However, there was a considerable
amount of variation in the CTEs calculated for the Ta–F–Ta links; the differing values in
the CTE for the Ta–F–Ta links may arise because the Gaussian fit to the peak neglected
the shoulder on the right of the peak. The shoulder on the peak arises from the Ta–X
bond across the face diagonal of the unit cell, and there may be a temperature dependence
to this bond which manifests itself as a change in the apparent position for the Ta–F–Ta
peak. While the explanation for near zero thermal expansion in TaO2F (the contraction
of the Ta–O–Ta links being offset by the expansion of the Ta–F–Ta links) is not entirely
consistent with the models used here to describe the local structure, future work examining
the local structures of these materials should explore more complex models that consist of
linear M–O–M links and bent M–F–M links.
The structural models used to examine the local structures of both TiOF2 and TaO2F
resulted in a variety of M–X–M linkages. In TiOF2, both models fit to the local structure
resulted in there being Ti–F–Ti links that were significantly more bent than the Ti–O–Ti
links. The supercell model used to fit the structure of TaO2F resulted in both bent Ta–
O–Ta and Ta–F–Ta links. However, the models used to describe the local structures of
these materials are too simple. In the case of TiOF2, each of the models assumes that there
is tetragonal symmetry and long range ordering of oxygen and fluorine; this model is not
appropriate to determine what, if any, ordering exists. For the case of TaO2F, an ordered
arrangement of oxygen and fluorine atoms was used to maintain TaO4F2 octahedra in a
3x3x3 supercell. This is still too simple to fully model the local structure. However, all
of the models used do emphasize the fact that there are very distinct M–X–M linkages




The local structures of TiOF2 and TaO2F are quite different from their average structures.
Simple models were used to describe the local structures of both of these materials, and these
models indicate that there are geometrically distinct M–X–M linkages in these materials.
Using simple peak fitting to the Ta–X–Ta correlation peaks in the variable temperature
PDFs, it was observed that the Ta–O–Ta linkage contracts on heating whereas the Ta–F–
Ta linkage probably expands on heating. The different response to temperature of these
links directly impacts the thermal expansion property of the bulk material, and in the case
of TaO2F may explain why zero thermal expansion is observed instead of NTE.
5.6 Supplemental Information
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Figure 61: The Ta–F–Ta separation in TaO2F as a function of temperature. The inter-
atomic separation was determined from a Gaussian fit to the peak in the atomic PDF.
The Qmax used was 25.0 Å
−1. The average linear coefficient of thermal expansion is 3.1
ppm·K−1.
Figure 62: Crystal structure of the tetragonal model with oxygen atoms in the equatorial
a− b plane used to fit the low r portion of the PDF for cubic TiOF2. The Ti atoms reside
at the center of the octahedra, the red spheres are oxygen atoms, and the green spheres are
fluorine atoms.
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Figure 63: Crystal structure of the tetragonal model with oxygen atoms out of the equitorial
a− b plane used to fit the low r portion of the PDF for cubic TiOF2. The Ti atoms reside
at the center of the octahedra, the red spheres are oxygen atoms, and the green spheres are
fluorine atoms.
Figure 64: Representative fit of the cubic Pm3̄m model to the variable temperature PDFs
for TaO2F. The red (–) is the fit, the blue (◦) are the data points, and the green (–) is the
difference curve between the fit and the data.
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Table 25: Extracted TaO2F lattice constants from fits of the cubic Pm3̄m model to the
variable temperature PDFs (r = 10–30 Å).
Temperature (K) a Å Temperature (K) a Å
80 3.8842(7) 262.5 3.8845(8)
83.7 3.8841(7) 266.2 3.8846(8)
87.3 3.8841(7) 269.8 3.8847(8)
91 3.8841(7) 273.5 3.8847(8)
94.6 3.8842(7) 277.1 3.8848(8)
98.3 3.8842(7) 280.8 3.8849(8)
101.9 3.8842(7) 284.4 3.8849(8)
105.6 3.8842(7) 288.1 3.8849(8)
109.2 3.8842(7) 291.7 3.8849(8)
112.9 3.8842(7) 295.4 3.8849(8)
116.5 3.8842(7) 299 3.8848(8)
120.2 3.8843(7) 302.7 3.8847(8)
123.8 3.8844(7) 306.3 3.8847(8)
127.5 3.8845(7) 310 3.8846(8)
131.1 3.8845(7) 313.6 3.8846(8)
134.8 3.8845(7) 317.3 3.8846(8)
138.4 3.8846(7) 320.9 3.8846(8)
142.1 3.8846(7) 324.6 3.8846(8)
145.7 3.8846(8) 328.2 3.8846(8)
149.4 3.8846(8) 331.9 3.8846(8)
153 3.8844(8) 335.5 3.8846(8)
156.7 3.8844(8) 339.2 3.8846(8)
160.3 3.8843(8) 342.8 3.8847(8)
164 3.8843(8) 346.5 3.8847(8)
167.6 3.8843(8) 350.1 3.8847(8)
171.3 3.8843(8) 353.8 3.8847(8)
174.9 3.8843(8) 357.4 3.8847(8)
178.6 3.8843(8) 361.1 3.8847(8)
182.2 3.8843(8) 364.7 3.8847(8)
185.9 3.8843(8) 368.4 3.8848(8)
189.5 3.8843(8) 372 3.8848(8)
193.2 3.8844(8) 375.7 3.8848(8)
196.8 3.8843(8) 379.3 3.8848(8)
200.5 3.8843(8) 383 3.8848(8)
204.1 3.8844(8) 386.6 3.8849(8)
207.8 3.8844(8) 390.3 3.8849(8)
211.4 3.8844(8) 393.9 3.8849(8)
215.1 3.8844(8) 397.6 3.8850(8)
218.7 3.8844(8) 401.2 3.8850(8)
222.4 3.8844(8) 404.9 3.8851(9)
226 3.8844(8) 408.5 3.8851(9)
229.7 3.8844(8) 412.2 3.8851(9)
233.3 3.8844(8) 415.8 3.8852(9)
237 3.8844(8) 419.5 3.8852(9)
240.6 3.8844(8) 423.1 3.8854(9)
244.3 3.8844(8) 426.8 3.8855(9)
247.9 3.8844(8) 430.4 3.8856(9)
251.6 3.8845(8) 434.1 3.8857(9)
255.2 3.8845(8) 437.7 3.8858(9)
258.9 3.8845(8) 441.4 3.8858(9)
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Table 26: Final 3x3x3 supercell used to fit the local structure of TaO2F. There are no ESDs
on the values as the model was optimized by hand.
Atom x y z Atom x y z
Ta 0.0 0.0 0.0 O 0.33333 0.33333 0.83833
Ta 0.35184 0.0 0.0 O 0.33333 0.66667 0.51500
Ta 0.67592 0.0 0.0 O 0.33333 0.66667 0.83833
Ta 0.0 0.0 0.32408 O 0.66667 0.0 0.16167
Ta 0.32408 0.0 0.32408 O 0.66667 0.0 0.48500
Ta 0.64816 0.0 0.32408 O 0.66667 0.33333 0.16167
Ta 0.0 0.0 0.64816 O 0.66667 0.33333 0.83833
Ta 0.32408 0.0 0.64816 O 0.66667 0.66667 0.51500
Ta 0.67592 0.0 0.64816 O 0.66667 0.66667 0.83833
Ta 0.0 0.32408 0.0 O 0.0 0.16204 0.0
Ta 0.35184 0.32408 0.0 O 0.0 0.83796 0.0
Ta 0.67592 0.32408 0.0 O 0.0 0.51388 0.33333
Ta 0.0 0.35184 0.32408 O 0.0 0.83796 0.33333
Ta 0.32408 0.35184 0.32408 O 0.0 0.16204 0.66667
Ta 0.64816 0.35184 0.32408 O 0.0 0.48612 0.66667
Ta 0.0 0.32408 0.67592 O 0.33333 0.16204 0.0
Ta 0.32408 0.32408 0.67592 O 0.33333 0.83796 0.0
Ta 0.67592 0.32408 0.67592 O 0.33333 0.51388 0.33333
Ta 0.0 0.67592 0.0 O 0.33333 0.83796 0.33333
Ta 0.35184 0.67592 0.0 O 0.33333 0.16204 0.66667
Ta 0.67592 0.67592 0.0 O 0.33333 0.48612 0.66667
Ta 0.0 0.67592 0.35184 O 0.66667 0.16204 0.0
Ta 0.32408 0.67592 0.35184 O 0.66667 0.83796 0.0
Ta 0.64816 0.67592 0.35184 O 0.66667 0.51388 0.33333
Ta 0.0 0.64816 0.67592 O 0.66667 0.83796 0.33333
Ta 0.32408 0.64816 0.67592 O 0.66667 0.16204 0.66667
Ta 0.67592 0.64816 0.67592 O 0.66667 0.48612 0.66667
O 0.51388 0.0 0.0 F 0.17592 0.0 0.0
O 0.83796 0.0 0.0 F 0.82408 0.0 0.33333
O 0.16204 0.0 0.33333 F 0.5 0.0 0.66667
O 0.48612 0.0 0.33333 F 0.17592 0.33333 0.0
O 0.16204 0.0 0.66667 F 0.82408 0.33333 0.33333
O 0.83796 0.0 0.66667 F 0.5 0.33333 0.66667
O 0.51388 0.33333 0.0 F 0.17592 0.66667 0.0
O 0.83796 0.33333 0.0 F 0.82408 0.66667 0.33333
O 0.16204 0.33333 0.33333 F 0.5 0.66667 0.66667
O 0.48612 0.33333 0.33333 F 0.0 0.0 0.82333
O 0.16204 0.33333 0.66667 F 0.0 0.33333 0.5
O 0.83796 0.33333 0.66667 F 0.0 0.66667 0.17667
O 0.51388 0.66667 0.0 F 0.33333 0.0 0.82333
O 0.83796 0.66667 0.0 F 0.33333 0.33333 0.5
O 0.16204 0.66667 0.33333 F 0.33333 0.66667 0.17667
O 0.48612 0.66667 0.33333 F 0.66667 0.0 0.82333
O 0.16204 0.66667 0.66667 F 0.66667 0.33333 0.5
O 0.83796 0.66667 0.66667 F 0.66667 0.66667 0.17667
O 0.0 0.0 0.16167 F 0.0 0.5 0.0
O 0.0 0.0 0.48500 F 0.0 0.17592 0.33333
O 0.0 0.33333 0.16167 F 0.0 0.82408 0.66667
O 0.0 0.33333 0.83833 F 0.33333 0.5 0.0
O 0.0 0.66667 0.51500 F 0.33333 0.17592 0.33333
O 0.0 0.66667 0.83833 F 0.33333 0.82408 0.66667
O 0.33333 0.0 0.16167 F 0.66667 0.5 0.0
O 0.33333 0.0 0.48500 F 0.66667 0.17592 0.33333
O 0.33333 0.33333 0.16167 F 0.66667 0.82408 0.66667
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Figure 65: Log of the TaO2F lattice constant (blue ) versus temperature extracted from
fits to the variable temperature PDFs. The red (–) is a straight line fit used to calculate
the average linear coefficient of thermal expansion.
Table 27: The final atomic positions in the tetragonal cell which was refined with the
oxygen atoms out of the a− b plane until a minimum in RW was observed, then the oxygen
atoms were placed back into the a − b plane and further refinement was performed. The
refined lattice constants for this model were: a=b=7.512(2) Åand c=3.914(2) Å.
Atom x y z
Ti 0.760(1) 0.760(1) 0.0
Ti 0.240(1) 0.240(1) 0.0
Ti 0.240(1) 0.760(1) 0.0
Ti 0.760(1) 0.240(1) 0.0
F 0.766(4) 0.766(4) 0.5
F 0.234(4) 0.234(4) 0.5
F 0.234(4) 0.766(4) 0.5
F 0.766(4) 0.234(4) 0.5
O 0.0 0.77(1) 0.0
O 0.0 0.23(1) 0.0
O 0.23(1) 0.0 0.0
O 0.77(1) 0.0 0.0
F 0.5 0.74(2) 0.0
F 0.5 0.26(2) 0.0
F 0.26(2) 0.5 0.0




A clear understanding of a material’s thermal expansion is crucial when considering poten-
tial applications. Materials that have large coefficients of thermal expansion (CTE) often
have poor thermal shock resistance and can develop cracks during periods of rapid heat-
ing and cooling. Likewise, materials with large CTEs can be problematic in applications
that require dimensional stability such as precision optics. Considerable research effort has
been directed towards finding materials that exhibit low, or even zero thermal expansion,
as this should have enhanced thermal shock resistance and would be ideal in applications
where dimensional stability is important. Negative thermal expansion (NTE) materials,
those which contract on heating, have also been the target of recent research as they are of
fundamental interest and may find use in controlled thermal expansion composities.
Negative thermal expansion in framework materials may arise through the transverse
thermal motion of bridging moieties and the coupled rotation of rigid units. In elementary
discussions explaining the mechanisms of thermal expansion, the cubic ReO3 structure is
often used as an illustrative example. Although ReO3 only exhibits mild NTE at low
temperature, most likely owing to Re’s single delocalized d-electron, there are a variety of
other materials that adopt the ReO3 structure-type and might have interesting expansion
characteristics. In Chapter 2 of this thesis, the thermal expansion properties of ScF3, which
adopts the cubic ReO3 structure, were explored and pronounced negative thermal expansion
was observed across a broad temperature range.
The thermal expansion properties of TiOF2 were examined in Chapter 3, as some reports
indicated that this material adopts the cubic ReO3 structure type at room temperature.
Positive thermal expansion was observed at all temperatures for TiOF2, and a rhombo-
hedrally distorted variant of the ReO3 structure type was observed at room temperature.
The material produced from the digestion of TiO2 in HF, which is the most commonly
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used synthetic route in the literature, was not TiOF2 but rather a Ti-vacancy containing
hydroxyoxyfluoride (Ti1−x(O/OH/F)3) that adopts a cubic ReO3 structure. This material
hydrolyzes upon heating, and the resulting material exhibits positive thermal expansion at
all temperatures. There were no observed phase transitions on compression to ≈9 GPa for
TiOF2, however a phase transition from cubic to rhombohedral symmetry was observed
upon compression for Ti1−x(O/OH/F)3 between 0.5-1 GPa.
In Chapter 4, the effect of pressure on the CTEs of ScF3 and TaO2F was examined
using in situ variable pressure–temperature neutron diffraction. One possible application
for NTE and zero expansion materials is in composities with tailored CTEs; during the
manufacture and use of these composites stresses may be experienced, which can alter the
behavior of materials. Pressure had a negligable effect on the thermal expansion of cubic
ScF3, however a phase transition was observed from cubic to rhombohedral symmetry when
cooled to 100 K and compressed to greater than 0.2 GPa. For TaO2F, the application of
modest pressure, such as those that would be experienced during the manufacture of a
composite, had a dramatic effect on its coefficient of thermal expansion, resulting in it
becoming more positive. As the CTE of TaO2F is extremely sensitive to modest pressure,
its use in situations where it may experience stress is precluded.
Finally, in Chapter 5, the local structures of TiOF2 and TaO2F were examined using
pair distribution functions that had been calculated from X-ray total scattering experiments.
While the average structures of these materials are very simple, the local structure is more
complex because of the different M–X (M = Ti, Ta; X = O, F) bonds. Simple structural
models were used to examine the low r portion of the PDFs, and they indicated that
there were very different M–X–M linkages present in both of these materials. A simple
analysis of the variable temperature PDFs for TaO2F using Gaussian fits to peaks in the
PDFs suggests that these distinct links respond differently to temperature. Their different
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